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Abstract: Increasing evidence suggests that metabolites produced by the gut microbiota play a
crucial role in host–microbe interactions. Dietary tryptophan ingested by the host enters the gut,
where indole-like metabolites such as indole propionic acid (IPA) are produced under deamination
by commensal bacteria. Here, we summarize the IPA-producing bacteria, dietary patterns on IPA
content, and functional roles of IPA in various diseases. IPA can not only stimulate the expression
of tight junction (TJ) proteins to enhance gut barrier function and inhibit the penetration of toxic
factors, but also modulate the immune system to exert anti-inflammatory and antioxidant effects
to synergistically regulate body physiology. Moreover, IPA can act on target organs through blood
circulation to form the gut–organ axis, which helps maintain systemic homeostasis. IPA shows great
potential for the diagnosis and treatment of various clinical diseases, such as NAFLD, Alzheimer’s
disease, and breast cancer. However, the therapeutic effect of IPA depends on dose, target organ, or
time. In future studies, further work should be performed to explore the effects and mechanisms of
IPA on host health and disease to further improve the existing treatment program.
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1. Introduction

The diversity and homeostasis of gut microbial communities play an important role in
host health and nutrient metabolism [1]. More and more evidence suggests that metabolites
produced by gut microbiota are key mediators of the cross-talk between dietary intake
and host health [2,3]. Animal cells cannot synthesize tryptophan [4]. Although some gut
bacteria, such as Escherichia coli, can produce tryptophan, the contribution of bacterial-
derived tryptophan to the physiological functions of the body has not yet been reported [4].
Therefore, as an essential amino acid, tryptophan is mainly taken up by humans from the
diet [5], especially from protein-rich foods, such as meat, eggs, milk, and chocolate. Among
the 20 most common amino acids, tryptophan is the most complex and the one with the
least content in cells and proteins, but it plays an indispensable role in body metabolism [6].

As an essential macronutrient, proteins are used by humans to meet the requirements
of the body [7]. Most dietary proteins are digested and absorbed in the upper gastroin-
testinal (GI) tract by the action of proteases. According to the varied intake, some proteins,
peptides, and amino acids can enter the large intestine following the peristalsis of the gut
tract [8]. Finally, amino acids in the gut tract are deaminated or decarboxylated by micro-
biota to form various small-molecule metabolites [9]. The efficiency of protein fermentation
in the distal intestine tract is higher than that in the proximal section [10,11]. Similarly,
phenolic compounds, which are bacterial metabolites of aromatic amino acids, are at least
four times more abundant in the human distal colon than in the proximal colon [12]. This is
likely because the ability of bacteria to digest protein is strengthened by the consumption
of carbohydrates, the extended digestion time, the higher pH values [13], and the increase
in the number of bacteria [14].
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With the increasing interest in the interaction between host health and small-molecule
microbial metabolites, studies are emerging consecutively on metabolites generated by
microbiota, such as short-chain fatty acids (SCFAs) [15] and secondary bile acids [16], which
mediate the interaction between the host and the microbial community and have made
outstanding contributions to human health and disease treatment. Moreover, progress
has been made in the technical aspects of physical and mental health intervention and
treatment for the host through dietary intervention [17] and fecal microbial transplantation
(FMT) [18]. In addition to metabolites from the metabolism of carbohydrates [19], bacterial
metabolites from protein metabolisms also play an important role in host physiology [20].
Previous results have shown that approximately 5% of dietary tryptophan is metabolized
by gut microbiota [21], and the resulting tryptophan metabolites are important signaling
molecules in the microbial community, acting as a bridge for host–microbe interaction,
which is essential for the maintenance of the gut micro-ecosystem homeostasis [22]. In
particular, indole propionic acid (IPA), as a small-molecule metabolite produced only by
microbial degradation [23], has been increasingly explored for its role in host health. For
instance, a 1-year follow-up of preselected impaired glucose tolerance (IGT) participants
in the Finnish Diabetes Prevention Study (DPS) reported that participants without dia-
betes had a mean serum IPA level of 1.095 µM, compared to 0.894 µM in participants
with diabetes [24]. The concentration of IPA in the serum of healthy adults measured by
Alexeev et al. was approximately 50 nM [25], while the IPA levels in the plasma of healthy
adults and the systemic blood of rats were 1.011 µM [26] and 5.079 µM [27], respectively.
Additionally, according to the study of Pavlova et al., the content of methyl-IPA in the urine
of pregnant women was 0.522 µM [28]. The concentration of IPA in rat feces is approxi-
mately 10 µM, although that in the human gut has not been clearly reported [27]. Although
the concentration of IPA in adults varies in different reports, the order of metabolites of
tryptophan from high to low concentrations is as follows: indole, indole acetic acid (IAA),
and IPA [13]. Despite the lack of research, IPA has emerged for treating various diseases in
models (e.g., breast cancer and NAFLD) [29,30], and is expected to play a role in treating
more diseases in the future.

Here, we review recent progress in the studies of IPA and discuss the investigation
into its potential roles in mediating microbe–host interactions. Given that existing studies
linking tryptophan metabolites to health have often been obtained based on in vitro cell
cultures or mouse-related models, more research is needed to provide information on the
relationship between IPA and human health.

2. IPA, a Metabolite of Tryptophan Metabolism by Gut Microbiota

In the early 1980s, researchers hypothesized that IPA was produced by gut microbiota
and could pass through the blood–brain barrier as a result of its decreased concentration in
the cerebrospinal fluid of mice after taking antibiotics [31]. IPA could be detected in the
plasma of conventional (conv) mice, but not in mice that had microbial colonization for less
than 5 days [32]. Additionally, high levels of serum IPA by intraperitoneal injection are
rapidly cleared from the blood within a short time in GF animals, indicating that serum
IPA levels in animals are dependent on commensal gut microbiota.

The bacterial strains that produce IPA are mainly identified by isolation and in vitro
culture [33]. Elsden et al. found that Clostridium sporogenes, Clostridium botulinum, and
Clostridium caloritolerans can produce IPA in tryptophan metabolism. Jellet et al. also
identified IPA in Clostridium cylindrosporum medium, except for C. sporogenes [34] (Table 1).
Additionally, Biancone et al. conducted in vitro culture experiments on 16 gut bacteria
from six orders and identified that Peptostreptococcus asaccharolyticus could produce IPA [12].
Importantly, different culture conditions interfere with the identification of IPA-producing
bacteria. For example, environmental factors, such as low pH value, significantly inhibit
the ability of microbiota to metabolize tryptophan to produce IPA [12].
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Table 1. Gut bacterial species reported to produce IPA.

Producers Phylum Family Genes Involved in the
Production of IPA References

Clostridium sporogenes Firmicutes Clostridiaceae fldH, fldBC, acdA, etfA-etfB [33–35]
C.cylindrosporum Firmicutes Clostridiaceae - [34]

Peptostreptococcus asaccharolyticus Firmicutes Peptoniphilaceae - [12]
P. russellii Firmicutes Peptostreptococcaceae fldBC [36]

P. anaerobius Firmicutes Peptostreptococcaceae fldBC, acdA, etfA-etfB [35,36]
P. stomatis Firmicutes Peptostreptococcaceae fldBC [36]

C. botulinum Firmicutes Clostridiaceae fldH, fldBC, acdA, etfA-etfB [33]
C. caloritolerans Firmicutes Clostridiaceae - [33]

C. cadaveris Firmicutes Clostridiaceae fldBC, acdA, etfA-etfB [35]

IPA: Indole propionic acid. fldH: indolelactate dehydrogenase gene, fldBC: indolelactate dehydratase gene cluster,
acdA: acyl-CoA dehydrogenase gene, etfA-etfB: electron transport factor genes. “-” indicates that it was obtained
by isolation and culture in vitro without genome information.

Until now, the pathway producing IPA has been mostly investigated in C. sporogenes.
IPA is universally known to be produced from tryptophan via the reductive pathway.
Based on the biological process of C. sporogenes decomposing phenylalanine to produce
phenylpropionic acid, Dodd et al. predicted that the process of metabolizing tryptophan to
produce IPA is similar in genetics, and they subsequently identified the gene involved in
IPA production (Figure 1). By knocking out the fldC gene, the ability to produce IPA was
lost [35]. Further identification experiments in in vitro medium showed that the presence
of the fldBC gene cluster was a reliable marker for the production of IPA, which provided
an important reference for the subsequent preliminary screening of IPA-producing bacteria.

Nutrients 2023, 15, x FOR PEER REVIEW 3 of 30 
 

 

Table 1. Gut bacterial species reported to produce IPA. 

Producers Phylum Family Genes Involved in the 
Production of IPA 

References 

Clostridium sporogenes Firmicutes Clostridiaceae fldH, fldBC, acdA, et-
fA-etfB 

[33–35] 

C. cylindrosporum Firmicutes Clostridiaceae - [34] 
Peptostreptococcus asaccharolyti-

cus Firmicutes Peptoniphilaceae - [12] 

P. russellii Firmicutes Peptostreptococcaceae fldBC [36] 
P. anaerobius Firmicutes Peptostreptococcaceae fldBC, acdA, etfA-etfB [35,36] 
P. stomatis Firmicutes Peptostreptococcaceae fldBC [36] 

C. botulinum Firmicutes Clostridiaceae fldH, fldBC, acdA, et-
fA-etfB 

[33] 

C. caloritolerans Firmicutes Clostridiaceae - [33] 
C. cadaveris Firmicutes Clostridiaceae fldBC, acdA, etfA-etfB [35] 

IPA: Indole propionic acid. fldH: indolelactate dehydrogenase gene, fldBC: indolelactate 
dehydratase gene cluster, acdA: acyl-CoA dehydrogenase gene, etfA-etfB: electron transport factor 
genes. “-” indicates that it was obtained by isolation and culture in vitro without genome infor-
mation. 

Until now, the pathway producing IPA has been mostly investigated in C. sporo-
genes. IPA is universally known to be produced from tryptophan via the reductive 
pathway. Based on the biological process of C. sporogenes decomposing phenylalanine to 
produce phenylpropionic acid, Dodd et al. predicted that the process of metabolizing 
tryptophan to produce IPA is similar in genetics, and they subsequently identified the 
gene involved in IPA production (Figure 1). By knocking out the fldC gene, the ability to 
produce IPA was lost [35]. Further identification experiments in in vitro medium showed 
that the presence of the fldBC gene cluster was a reliable marker for the production of 
IPA, which provided an important reference for the subsequent preliminary screening of 
IPA-producing bacteria. 

 
Figure 1. Metabolic process of dietary tryptophan converted to IPA by gut microbiota. The active 
enzymes required for this process are indicated above the arrow, and the genes encoding these 
enzymes in C. sporogenes are shown below. The enzymatic activity of AAT has been demonstrated 
in C. sporogenes cells, but so far, the gene encoding this enzyme has not been identified. AAT: 

Figure 1. Metabolic process of dietary tryptophan converted to IPA by gut microbiota. The active
enzymes required for this process are indicated above the arrow, and the genes encoding these
enzymes in C. sporogenes are shown below. The enzymatic activity of AAT has been demonstrated in
C. sporogenes cells, but so far, the gene encoding this enzyme has not been identified. AAT: Aromatic
amino acid aminotransferase, ACD: Acyl-CoA dehydrogenase, ILD: Indolelactate dehydratase,
ILDH: Indolelactate dehydrogenase. The ball-and-stick models of the molecules involved in the
figure were drawn using ChemDraw (https://www.chemdraw.com.cn/ (accessed on 16 June 2022))
and chem3D (https://www.wavemetrics.com/project/Chem3D (accessed on 16 June 2022)).
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Simultaneously, Wlodarska et al. discovered a complete fldAIBC gene cluster in
Peptostreptococcus russellii and Peptostreptococcus anaerobius genomes through genome se-
quencing. This cluster imparts that ability to metabolize tryptophan into IPA, while
Peptostreptococcus stomatis can still synthesize a small amount of IPA despite the lack of
the activator fldI [36].

In addition to diet and gut microbiota, many human studies have suggested that the
ACSM2A gene is an important factor affecting circulating levels of IPA by genome-wide
association analyses [23,37,38]. Given that ACSMs are involved in the glycine coupling
pathway and metabolize/detoxify organic acid metabolites, polyphenols produced by
gut microbiota, and long-chain fatty acids (MCFAs) [39], Menni et al. suggested that
ACSM2A may be involved in the metabolism and excretion of IPA, rather than related to
its production [37].

So far, the discovery of IPA-producing bacteria has relied on in vitro experiments,
which limits the identification of more relevant bacteria. The integrated analysis of gut
microbiota, metagenome, and IPA metabolism should facilitate the detection of more
IPA-producing bacteria in future studies.

3. The Effect of Different Dietary Patterns on IPA Production

IPA is a metabolite of dietary tryptophan produced by gut microbiota [40]. Thus,
changes in gut microbial composition, as well as dietary patterns, can affect IPA production.

Menni et al. found that IPA was positively correlated with the α-diversity of gut
microbiota, and gut microbiome composition could explain approximately 20% of the
variation in cycling levels of IPA [37]. Several studies have found that circulating levels
of IPA correlate with fiber intake [24,41], which may be explained by the changes in gut
microbiota. In addition, the polyphenol-rich diet led to a significant increase in serum IPA
in subjects with normal renal function, but not in subjects with impaired renal function [42].
Consistent with this, the β-diversity of the microbiome composition in the cecum and colon
of pigs fed inulin for 60 days was increased significantly, accompanied by a significant
increase in IPA content [43].

Of course, different dietary structures can also change the level of IPA. For example,
Mediterranean diet led to an increase in IPA levels after the treatment for only 4 days,
while fast food (i.e., fries and burgers) induced the opposite result [44]. In addition,
plasma IPA levels were significantly higher in the normal diet-fed littermates than in the
ketogenic diet-fed mice [45]. A study in 117 overweight adults found that the intake of
fried meat reduced the richness of the gut microbial community and led to a decrease in
IPA concentrations [46]. Pimentel et al. explored the effects of fermented dairy products on
the human serum metabolome through a randomized crossover study design in 14 healthy
men [47]. Compared with the milk group, the postprandial blood concentrations of IPA and
IAA in the yoghurt intake group were lower. Similarly, healthy overweight men with mildly
elevated C-reactive protein levels were given a 500 mL postprandial shake (consisting of
300 mL custard, 150 mL cream cheese, and 50 mL whipping cream) after receiving the
Anti-Inflammatory Dietary Mix (AIDM) (consisting of a range of dietary products with anti-
inflammatory properties) in a postprandial challenge trial [48]. AIDM subjects exhibited
reduced plasma concentrations of indole-3-propionic acid in the late stage.

In summary, we hypothesized that different dietary structures alter the composition
of gut microbes, which leads to individual variability in IPA production. Unfortunately,
there is a lack of clear experimental validation for the effect of dietary components, such as
fiber, on IPA production.

4. The Roles of IPA in Host Diseases and Health

Dietary tryptophan can be catabolized to IPA by gut microbiota in the colon. Based
on previous studies, IPA has important biological functions in many diseases. Critically,
compared to IAA, IPA has an increased ability to cross the blood–brain barrier, transport to
target organs with blood circulation, activate corresponding receptors, and participate in
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the life activities of the host. Therefore, IPA may affect body health through the gut–brain
axis, gut–liver axis, gut–lung axis, and other pathways (Figure 2). Therefore, understanding
the production of microbial metabolites and the signal pathways through which they
affect host health may provide new ideas and schemes for disease treatment. Here, we
reviewed the mechanism of IPA in various metabolic diseases and immune homeostasis,
and provided novel ideas for disease prevention and mitigation.
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Figure 2. Biological functions of IPA through various gut–organ axes. Blood circulation enables IPA
to act on various target organs, regulating host disease and health through biological mechanisms as
shown. Aβ: Amyloid β-protein, BBB: Blood–brain barrier, eNOS: endothelial nitric oxide synthase,
GLP-1: Glucagon-like peptide-1, HFD: High-fat diet, IBD: Inflammatory bowel disease, IFN-I: Type
I interferons, IS: Indoxyl sulfate, LPS: Lipopolysaccharide, NTM: Non-Mycobacterium tuberculosis,
PXR: Pregnane X receptor, ROS: Reactive oxygen species, TJ: Tight junction, TB: Tuberculosis.

4.1. IPA Protects the Brain from Disease and Oxidative Damage

As the most abundant glial cells in the central nervous system (CNS), astrocytes can
not only support and enhance the survival of neurons [49], but they also respond to in-
flammatory signals, promote inflammatory responses, and participate in the regulation of
multiple physiological processes of the nervous system [49,50]. The important functions of
astrocytes have led researchers to study their many roles. Indeed, Sanmarco et al. found
that astrocytes can induce T-cell apoptosis to reduce CNS inflammation and specified the
regulatory role of gut microbes in this pathway [51]. Nuclear translocation of NF-κB is a
critical step in the functioning of astrocytes, which promotes various pathological processes
including experimental autoimmune encephalomyelitis (EAE). This step is regulated by
various pathways, which can be roughly divided into the drivers and inhibitors of NF-κB
activation [50]. Using the EAE mouse model, Rothhammer et al. found that type I inter-
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ferons (IFN-Is) induced aryl hydrocarbon receptor (AHR) expression in astrocytes, which
activated the suppressor of cytokine signaling 2 (SOCS2), interfered with NF-κB activation,
and prevented NF-κB from binding to Ccl2, Csf2, and Nos2 promoter [52]. Ultimately,
this process inhibits the recruitment of inflammatory monocytes to the CNS, controlling
the pathogenic activity of astrocytes during EAE. Consistent with other results, in this
process, various AHR agonists, including IPA, which are produced through metabolizing
tryptophan by gut microbes [53], are involved in the negative regulation of IFN-I-induced
inflammation by reducing IL-6, IL-12, and other inflammatory factors. These results indi-
cate that microbial metabolites play a vital role in the regulation of the nervous system and
immune function.

Both amyloid beta-peptide deposition [54] and mitochondrial damage [55] contribute
to the development of Alzheimer’s disease (AD). With the deepening of the understanding
of the gut microbiome, numerous studies have attempted to explain the underlying mecha-
nism of AD from the perspective of gut microbiota [56,57], and to improve cognitive status
through probiotics [58] or FMT [59]. Studies have found that microbial metabolites, such
as trimethylamine N-oxide (TMAO) [60], lipopolysaccharide (LPS), and SCFAs [61], are
associated with amyloid β-protein (Aβ) deposition in the brain. As reported previously,
Aβ-induced neuronal damage and dysfunction are often associated with reactive oxygen
species (ROS) [62,63]. Many studies have found that melatonin has neuroprotective proper-
ties [64,65], although the clinical efficacy is suboptimal [66]. IPA has a heterocyclic aromatic
ring structure similar to that of melatonin. It is an effective hydroxyl radical scavenger
and can effectively protect nerve cells from oxidative damage by Aβ (1–42) [67]. Hydroxyl
radicals have both strong activity and toxicity, and cannot be detoxified by enzymes. An-
tioxidants have evolved into endogenous scavengers in the early stages of life evolution,
thus providing on-site protection against oxidative damage [68,69]. IPA is an endogenous
electron donor that detoxifies highly reactive free radicals by donating electrons to hy-
droxyl anions, and kynuric acid is the end product of hydroxyl radical-mediated oxidation
of IPA [68]. Importantly, IPA does not undergo side chain decarboxylation like IAA to
generate reactive peroxyl radicals, so no pro-oxidative intermediates are generated [70].
The synergistic effect of IPA and glutathione have been shown to effectively inhibit the
formation of 2,2′-azino-bis-(3-ethyl-benz-thiazoline-6-sulfonic acid) (ABTS) cationic free
radicals mediated by hydroxyl radicals [71]. Additionally, IPA has receptor-mediated mito-
chondrial protection function in nerve cells by enhancing the mitochondrial respiration
rate, increasing membrane potential, and reducing the production of ROS to inhibit the
occurrence of AD [72]. Furthermore, IPA produced by normal metabolism has no cyto-
toxicity and can exist stably. This phenomenon means that levels of oxidative damage to
proteins may increase due to decreased levels of antioxidants, such as IPA. However, the
pathogenesis of Alzheimer’s disease is complex. In addition to the extracellular aggregation
of Aβ plaques, intracellular aggregation of neurofibrillary tangles (NFTs) caused by exces-
sive phosphorylation of τ- protein is also an important pathological feature [73]. Moreover,
the aggregation of Aβ plaques is widely distributed in critical stages. Whether IPA has
a promising application for the treatment of AD requires more in-depth experimental
investigation in conjunction with pathogenesis in the future.

Liu et al. found that an intermittent diet can increase serum IPA content and alleviate
diabetes-induced cognitive impairment [74]. Additionally, IPA can prevent lipid peroxida-
tion and DNA damage in the hippocampus after transient forebrain ischemia, and inhibit
gliosis, thereby protecting neurons from ischemic injury [75]. These findings may be related
to the antioxidant and mitochondrial protective properties of IPA. Interestingly, in Hunt-
ington’s disease (HD), another neurodegenerative disorder caused by the amplification of
N-terminal repeats in the huntingtin protein, the IPA content in the plasma is significantly
decreased [26] and may represent an effective marker of HD. Moreover, supplementation
with probiotics helps to inhibit the depressive behavior of Sprague–Dawley (SD) rats and
upregulate the content of IPA in the plasma [76]. It is gratifying that the positive role of
IPA in neurological diseases is becoming increasingly recognized by researchers. Indeed,
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IPA has been used in the clinical development of the neurological disorder, Friedrich’s
ataxia [77]. Thus, IPA has become a research hotspot in the research and clinical usage of
the gut–brain axis.

In conclusion, some indole compounds, such as IAA and indole-3-pyruvic acid, show
antioxidant activity. However, they are also accompanied by the formation of reactive
intermediates and result in lipid peroxidation [70,78]. These accompanying metabolites
bring risks to the treatment of related diseases. IPA produced by microbiota can pass the
blood–brain barrier into the cerebrospinal fluid, target nerve cells, and participate in the
regulation of brain activity and the secretion of inflammatory factors. Although the current
research is mainly limited to cell culture in vitro or animal models, these studies have still
provided an attractive approach for treating human diseases.

4.2. IPA Inhibits Liver Fibrosis and Lipotoxicity by Reducing Inflammation

Nutrients and other metabolites in the gut pass through the portal vein and are trans-
ferred to the liver, which forms an “axis” (i.e., the gut–liver axis), through which the gut and
liver can interact. Accordingly, all types of gut factors may affect the biological metabolic
processes of the liver and regulate their physiological functions [79]. The dysbiosis of gut
microbiota produces a series of toxic substances that enter the enterohepatic circulation
through the damaged gut barrier and aggravate the progress of liver diseases. The integrity
of the gut barrier is beneficial for delaying or preventing the occurrence and development
of many diseases [80].

Non-alcoholic fatty liver disease (NAFLD) is a metabolic syndrome related to hep-
atic manifestation, which mainly includes non-alcoholic fatty liver (NAFL), non-alcoholic
steatohepatitis (NASH), NASH-related cirrhosis, and hepatocellular carcinoma (HCC) [81].
Globally, the prevalence of NAFLD-related HCC has been increasing following the inci-
dence of obesity and has become a major public health problem endangering human health.
Altered gut microbial structure [82] and decreased immune surveillance [83] both lead to
NAFLD-related HCC development and require further investigation. To date, there is still
a lack of reliable drug regimens for treating NASH [84]. Therefore, it is crucial to constantly
explore potential treatment strategies for NASH.

Zhao et al. alleviated hepatic steatosis and damage, and restored metabolic homeosta-
sis in high-fat diet (HFD) rats, by oral administration of IPA over 8 weeks [29]. Specifically,
IPA treatment significantly reduced the levels of plasma alanine transaminase (ALT), aspar-
tate aminotransferase (AST), liver triglyceride, cholesterol, and the degree of infiltration of
neutrophils and macrophages. IPA also downregulated the expression of genes related to
liver fibrosis and collagen synthesis and inhibited the pathological process of liver disease.
Briefly, the biological mechanism of this process is that IPA treatment significantly inhibits
the phosphorylation of p65, IκBα, and IKKα/β in the upstream signaling pathway of NF-
κB [85], thereby reducing the expression of its downstream targets of inflammatory factors
(TNFα, IL-1β, and IL-6) and chemokine (CCL2 and CCR2) expression. In vitro hepatic
macrophage exposure experiments also demonstrated that IPA directly dose-dependently
inhibited LPS-induced activation of the NF-κB signaling pathway. Additionally, oral ad-
ministration of IPA can reduce the ratio of Firmicutes and Bacteroidetes increased by HFD,
reshape the structure of gut microbiota, upregulate the expression level of TJ proteins,
reduce gut epithelial permeability, and inhibit the production of endotoxin leakage.

Zhang et al. found that high-fat/high-cholesterol (HFHC)-fed mice developed cholesterol-
related dysbiosis, impaired microbial tryptophan metabolism, and significantly decreased
serum IPA levels compared to high-fat/low-cholesterol (HFLC) [86]. In vitro experiments
have shown that IPA could inhibit cholesterol-induced lipid accumulation and cell prolifera-
tion. In addition to the upregulated expression of pro-inflammatory cytokines in the serum
and liver, high cholesterol can induce oxidative stress and activate hepatic stellate cells,
which promote liver fibrosis [87] and the development of NAFLD-HCC. More importantly,
HFHC can also lead to increased serum LPS concentrations in the portal vein of mice
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and the loss of colonic E-cadherin, suggesting that excess cholesterol impairs gut barrier
function, and the leaky gut further exacerbates the severity of the disease [88].

Hyperlipidemia is a global epidemic. Various evidence has indicated that the incidence
of hyperlipidemia is sex-biased [89,90]. Sex-dependent treatment strategies and drugs are
urgently required. Numerous studies have shown that AHR is a key factor in regulating
lipid metabolism [91], and the activation of AHR negatively regulates various adipogenesis
genes, such as SREBP1c and FAS [92]. Indole derivatives, such as IAA, indoxyl sulfate (IS),
and IPA, play various physiological functions by binding to AHR [4,21,93]. Li et al. found
that IPA can dose-dependently reduce the transcription of key genes for fatty acid and
cholesterol biosynthesis in the liver. This indicates that IPA may act as an AHR ligand to
mediate the sex-differentiated hypolipidemic effect of 1-deoxynojirimycin (DNJ) through
the IPA-AHR lipid metabolism axis [94], but the mechanism remains to be determined.

However, the regulation of IPA on the physiological functions of the liver is not
always positive and beneficial. Recently, it has been reported that the addition of IPA
can exacerbate the expression of hepatic inflammatory factors caused by CCl4, thereby
activating the transforming growth factor-β1 (TGF-β1) signaling pathway and inducing
an increase in phosphorylation levels of Smad2/3 [95]. This undoubtedly enhances the
activation of the hepatic stellate cells and eventually leads to excessive deposition of
extracellular matrix (ECM) [96]. In the Smads signaling pathway, Smad7 has been identified
as a key inhibitor of liver fibrosis, while Smad2/Smad3 functions as a promoter [97].
Notably, oral IPA alone did not cause liver damage and fibrosis, nor did it affect liver
malondialdehyde (MDA; an indicator of lipid peroxidation) [98] and antioxidant levels.
Similarly, Sehgal et al. also found that circulating IPA was significantly lower in patients
with liver fibrosis, especially those without type 2 diabetes mellitus (T2DM), compared to
individuals without fibrosis [99]. IPA exerts the potential to protect the liver by inhibiting
cell migration and cell adhesion of the human hepatic stellate cell line (LX-2), which are
hallmark features of hepatic stellate cell (HSC) activation.

This is consistent with the findings of Liu et al. that IPA has different effects on ox-
idative stress under different conditions [95]. Studies have shown that IPA depends on
PXR and AHR receptors to enhance the oxidative and nitrosative stress of breast cancer
cells, reduce the proportion of cancer stem cells, enhance anti-tumor immunity, and ul-
timately inhibit the proliferation and metastasis of cancer cells to improve the survival
rate of patients [30]. Additionally, higher concentrations of IPA can inhibit Fe3+- [100] and
Cr3+-induced [101] oxidative damage; both metal ions can induce cancer via the Fenton reaction.

In the liver, IPA can directly inhibit the activity of the NF-κB signaling pathway and
the production of pro-inflammatory cytokines. IPA also inhibits NF-κB by upregulating
the expression of TJ proteins, restoring the gut barrier, and preventing TLR4 activation by
enteric endotoxin. The TLR4/NF-κB signaling pathway is also involved in the formation of
liver fibrosis. The inhibition of the hepatic NF-κB signaling pathway by IPA may explain
the remission of liver fibrosis [102]. However, IPA can aggravate CCl4-induced liver fibrosis
through the TGF-β1 signaling pathway in mouse models, indicating that IPA may interact
with some substances in vivo to produce adverse effects, which will become a restrictive
factor in IPA treatment [95]. Cytochrome P450 enzymes (CYPs) in the liver are involved
in cholesterol synthesis and metabolism [103], and PXR induces the expression of hepatic
CYPs [104]. CYP7A1 is a key rate-limiting enzyme in the breakdown of cholesterol into bile
acids [105]. PXR has been shown to be activated by pregnenolone 16α-carbonitrile (PCN)
and mediated its inhibition of CYP7A1 expression, suggesting that potent PXR agonists
may be an effective scheme for treating cholestasis [106,107]. CCl4 is also metabolized
by CYPs in the liver [108]. However, contrary to the findings described above, serum
total bile acid levels were significantly elevated after IPA supplementation. These studies
suggest that IPA might affect bile acid metabolism by stimulating CYPs through PXR and
interacting with CCl4.

At present, many studies have proved that IPA can inhibit lipid accumulation and
reduce the levels of triglycerides, cholesterol [29], and low-density lipoprotein cholesterol
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(LDL-c) [94] in the liver. However, whether it acts through AHR and a specific metabolic
pathway needs to be verified. Based on the close association between IPA and lipid
metabolism, subsequent studies may attempt to explore the interaction between IPA and
obesity-related metabolic phenotypes by association analysis. The effect of IPA on rodents
under basic conditions and the minimum effective and safe dose for treating NASH will
need to be determined for the clinical application of IPA in the future.

4.3. IPA Inhibits Endogenous or Exogenous Substance-Induced Kidney Injury

Changes in the gut microbiota lead to the production of uremic toxins, which play an
important role in the development and progression of chronic kidney disease (CKD). Grow-
ing evidence has linked IS/PCS (p-cresol sulfate) to kidney diseases, such as glomeruloscle-
rosis [109,110], while IPA may be an important biomarker for preventing the development
of CKD and as a kidney protector [111].

As a uremic toxin, IS is absorbed by proximal tubular cells (HK-2) through OAT1 and
OAT3 on the membrane, and downregulates the expression of Mas receptors through the
OAT3/AHR/Stat3 pathway [112]. Inhibition of Mas receptors increases ROS production,
which activates the NF-κB pathway [113] and stimulates the expression and activity of
TGF-β1 [114,115]. These physiological changes lead to renal dysfunction, such as renal
interstitial fibrosis and inflammation, and accelerate the progression of CKD, especially
in HK-2. Shimizu et al. also demonstrated that transcription 3 (Stat3) is involved in the
expression of genes related to IS-induced fibrosis and inflammatory gene expression in
HK-2 cells [116]. Surprisingly, IPA, which is also a metabolite of dietary tryptophan, inhibits
Stat3 activation, downregulates the expression of IS-induced fibrosis genes (TGF-β1) and
inflammatory factors (monocyte chemoattractant protein-1), and protects the host kidney
from damage [117].

IPA also has potential protective effects against diseases induced by exogenous toxic
substances. For example, KBrO3 is a carcinogen that can cause oxidative stress [118].
Although it was banned from the food processing industry, the presence of KBrO3 in the
environment has still harmed human health [119], largely via targeting the kidney and
thyroid to induce tumorigenesis [120]. Classic antioxidant enzymes, such as superoxide
dismutase (SOD) and catalase, have little protective effect on KBrO3-induced oxidative
damage. However, IPA can significantly inhibit KBrO3-induced renal and serum lipid
peroxidation and protect the kidney from damage [121]. Of course, IPA treatment is also
effective against thyroid lipid peroxidation in rats due to KBrO3 injection [122]. It is
worth mentioning that IPA is a poor chain-breaking antioxidant. Indeed, KBrO3-induced
oxidative stress in porcine thyroid homogenate is not effectively inhibited by IPA in vitro,
and higher concentrations are required to reduce endogenous MDA formation in rat striatal
homogenate in vitro [71].

Taken together with previous studies, patients with CKD are often accompanied by
attenuated antioxidant defenses and increased oxidative stress [123], and oxidative stress
is significantly associated with increased kidney damage. The protective effect of serum
IPA on the development of CKD can be explained by its strong antioxidant ability because
IPA is an effective hydroxyl radical scavenger and does not produce toxic effects under
basic conditions. Additionally, IPA is an organic anion that can compete with some toxic
substances, such as IS, for organic anion transporters (OATs) and reduce its accumulation
in the proximal renal tubules. Reducing renal injury may be a protective mechanism of
IPA in the kidneys [124]. By measuring the content and ratio of IPA and IS in healthy and
diseased individuals, a threshold range is established to predict the progress of CKD, which
is expected to provide a new direction for the invasive diagnosis of diseases.

4.4. IPA Protects the Lungs from Bacterial and Fungal Infections

Tuberculosis (TB) is a traditional disease caused by Mycobacterium tuberculosis, which
can cause damage to multiple organ systems. TB is mainly a lung disease [125] that can be
transmitted through the air and represents a serious threat to global human health [126].
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Therefore, this pathogen plays an important role in disease progression, and the high
prevalence of drug-resistant M. tuberculosis strains is a pressing medical issue [127]. The
development of efficient and stable anti-tuberculosis drugs is essential to reduce TB mortal-
ity. More recently, Dumas et al. reported that microbiota contribute to early host resistance
to pulmonary colonization of M. tuberculosis. Antibiotic mice are more susceptible to
M. tuberculosis infection compared to the control group [128].

The key enzymes in the important metabolic pathways of M. tuberculosis are targets for
developing novel anti-tuberculosis drugs. The aromatic amino acid biosynthesis pathway
is essential for the survival of M. tuberculosis [129], so the key enzymes in this pathway
become potential targets for developing new anti-TB drugs. Anthranilate synthase (AS)
catalyzes the first step in tryptophan biosynthesis, which is the synthesis of anthranilate
from glutamine and chorismate. This step can be feedback-inhibited by tryptophan [130].
The AS complex contains two functional domains named AS component I (ASI) and II
(ASII), which are encoded by the genes trpE and trpG, respectively [131,132]. Recent studies
have shown that IPA can block tryptophan biosynthesis and exert its antibacterial activity
by mimicking Trp as an allosteric inhibitor of ASI in the tryptophan synthesis pathway of M.
tuberculosis [133]. Negatu et al. further demonstrated the resistance and pharmacokinetic
properties of IPA in a mouse model of TB, forecasting exciting new advances in the field
of microbial prevention and treatment of infectious diseases [134]. Importantly, after
IPA treatment, the bacterial load in the lungs of mice infected with M. tuberculosis aerosol
decreased without adverse reactions. IPA not only shows antibacterial activity against some
clinically resistant M. tuberculosis and non-Mycobacterium tuberculosis (NTM) species, but
also induces programmed cell death of Candida albicans dependent on Ca2+ [135] (Table 2).
However, under experimental conditions, IPA has no antibacterial activity against some
Gram-positive bacteria (Staphylococcus aureus) and Gram-negative bacteria (Escherichia coli,
Pseudomonas aeruginosa, and Acinetobacter baumannii) [133,134]. At present, IPA appears to
show broad-spectrum anti-mycobacterial activity.

Table 2. Bacteria and fungi sensitive to IPA.

Species Phylum Family References

Mycobacterium avium Actinobacteria Mycobacteriaceae [133,134]
Mycobacterium kansasii Actinobacteria Mycobacteriaceae [133]
Mycobacterium chelonae Actinobacteria Mycobacteriaceae [133]

Mycobacterium tuberculosis Actinobacteria Mycobacteriaceae [133,134]
Mycobacterium fortuitum Actinobacteria Mycobacteriaceae [133]
Mycobacterium abscessus Actinobacteria Mycobacteriaceae [133]
Mycobacterium smegmatis Actinobacteria Mycobacteriaceae [133,134]
Mycobacterium bovis BCG Actinobacteria Mycobacteriaceae [133,134]

Candida albicans Ascomycota Debaryomycetaceae [135]
Candida parapsilosis Ascomycota Debaryomycetaceae [135]
Trichosporon beigelii Basidiomycota Trichosporonaceae [135]

Malassezia furfur Basidiomycota Malasseziaceae [135]
Trichophyton rubrum Ascomycota Arthrodermataceae [135]

Aspergillus flavus Ascomycota Aspergillaceae [135]
Saccharomyces cerevisiae Ascomycota Saccharomycetaceae [135]
Legionella pneumophila Proteobacteria Legionellaceae [136]

IPA: Indole propionic acid.

Early in vitro experiments found that IPA is also a potent inhibitor of the growth
of Legionella pneumophila, and the bacteriostatic effect is enhanced with increased IPA
concentration and exposure time. Thus, IPA inhibits pulmonary inflammation caused
by bacteria [136]. Legionella pneumophila has a higher incidence of pneumonia, which is
more likely to develop into severe community-acquired pneumonia (SCAP) than other
atypical respiratory pathogens, which even necessitates patients to be admitted to the
intensive care unit (ICU) [137]. Interestingly, tryptophan supplementation reduced the
efficacy of IPA. We speculate that this could be explained by the findings of Negatu et al.,
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who showed that IPA binds to TrpE to inhibit the tryptophan synthesis pathway, and
tryptophan supplementation in vitro alleviates this inhibitory effect to some extent.

HIV-positive patients are generally more susceptible to TB infection [138], an important
factor in increased mortality, and co-infection of the two diseases can complicate treatment
by the interaction between anti-retroviral and anti-tuberculosis drugs [139,140]. Notably,
IPA may be a potential pharmaceutical ingredient in such treatments. Some studies have
found that the content of IPA decreased significantly in patients with HIV treated with anti-
retroviral therapy (ART) [141], which is an important marker to distinguish HIV infection
from healthy people [142]. The mechanism of this effect is still unclear, but it can be partly
explained by the impaired gut barrier leading to the translocation of LPS and LPS-binding
protein (LBP), which aggravates the systemic inflammatory response. Moreover, patients
with HIV treated with ART are also prone to NAFLD/NASH [143,144], further illustrating
the multiple therapeutic potentials of IPA in various diseases.

Comparatively, IPA is a small-molecule metabolite with good pharmacokinetic proper-
ties, which can be easily absorbed by the host to play a full role in therapy. In the future, IPA
is expected to improve the existing treatment options for some diseases through its potential
as a complement to anti-tuberculosis and anti-retroviral drugs. It is worth mentioning that,
except for M. tuberculosis, the inhibitory effect of IPA on other bacteria and fungi has not
been verified in vivo, which will become an important research subject in the future.

4.5. IPA Promotes Muscle Growth and Relieves Muscle Inflammation

Sarcopenia, first named in 1988, is an age-related progressive skeletal muscle disease
and a chronic muscle inflammation that occurs mostly in elderly adults [145]. The clinical
symptoms of sarcopenia include loss of muscle mass, functional decline, susceptibility to
falls, and even disability [146]. Owing to the close connection between muscles and bones,
it is common for patients with sarcopenia to develop osteoporosis [147]. If not treated in
time, sarcopenia will further lead to impairment of mobility, reduced quality of life, and
increased treatment burden.

Muscle is the largest storehouse of protein in the body, and an imbalance in protein
catabolism can lead to excessive protein degradation, muscle loss, and dysfunction [148].
The composition of gut microbiota and its metabolites are closely related to the host
phenotype, and supplementation with probiotics [149], prebiotics [150], or fecal transplan-
tation [151] can effectively interfere with the development of sarcopenia. Some micro-
bial metabolites, such as LPS [152], SCFAs [153], and IS [154], can affect the production,
metabolism, and quality of muscle to different degrees. Importantly, various nutrients and
metabolites produced by gut microbiota can reach and act on muscles, so intervention of
the gut–muscle axis may be a new target for modulating muscle function [155].

Recent studies have shown that the colonization of C. sporogenes increases the IPA
content, regulates the expression of myogenic regulatory factors, and effectively promotes
the increase in muscle fiber diameter and muscle cross-sectional area of quadriceps in
experimental mice [156]. Previous studies have reported that PXR reduces the secretion
of inflammatory factors and alleviates inflammatory diseases by inhibiting the NF-κB
signaling pathway [157,158]. In addition to activating PXR receptors in muscle cells, IPA
inhibits the TLR4/MyD88/NF-κB signaling pathway by inducing miR-26A expression,
which ultimately downregulates the expression of pro-inflammatory markers (CCL2, CCL5,
IL-1β, and TNFα). However, the causal relationship between the activation of PXR and the
overexpression of miR-26A has not yet been elucidated, both of which are important for
reducing muscle inflammation. Meanwhile, IPA-induced overexpression of miR-26A specif-
ically targets the 3′UTR region of IL-1β mRNA, inhibiting its transcription and reducing
inflammation. Consistently, Clostridium XIVa may help to relieve sarcopenia [159], and the
species of Clostridium XIVa are potential candidates for the production of IPA [94]. However,
whether the species of Clostridium XIVa can produce IPA needs further verification.

Although the current research on the effects of IPA on muscle function is relatively
rare, its remarkable effects on reducing inflammation, promoting muscle growth, and



Nutrients 2023, 15, 151 12 of 30

improving muscle have attracted increasing attention. Combining the current knowledge
related to muscle inflammation and gut microbial metabolites with biomarker research,
nutritional intervention, and drug development is crucial to promote the clinical practice
and development of early disease prevention, diagnosis, and treatment.

4.6. IPA Has the Potential to Safeguard Insulin Secretion to Prevent T2DM

T2DM is a metabolic symptom characterized by hyperglycemia and insulin resis-
tance [160]. As morbidity continues to rise globally, particularly in lower-income countries,
effective public health and clinical interventions are an effective way to reduce the global
healthcare burden [161]. Age, genetics, lifestyle, and obesity play key roles in the patho-
logic progression of T2DM [162]. Moreover, the GI tract represents an important target for
diseases as it is the largest immune organ in the body [163]. FMT has achieved promising
results for treating T2DM, emphasizing the important role of gut microbiota and their
metabolites in T2DM [164,165]. Ley et al. found that compared to control mice, obese mice
had a higher ratio of Firmicutes/Bacteroidetes (F/B) in the gut [166]. A similar result was
obtained in a human study [167]. Many studies have found that the F/B ratio is elevated in
patients with T2DM [168,169]. Moreover, IPA can significantly reduce the HFD-induced
increase in F/B ratio [29]. Similarly, Konopelski et al. found that IPA supplementation
inhibited weight gain in mice [27]. Jennis et al. found that the IPA content decreased
significantly in obese patients with T2DM, which was significantly reversed 3 months after
Roux-en-Y gastric bypass surgery (RYGB) [170].

Dietary intervention is another important method for T2DM treatment [171]. Indeed,
IPA-rich diets can reduce the blood glucose concentration and homeostatic model assess-
ment (HOMA) index in SD rats [172], which is consistent with the results by Menni et al. [37].
However, IPA supplementation failed to modulate depression-related behavior in rats,
contradicting previous findings [76]. A previous DPS showed that serum concentrations of
IPA and several lipid metabolites can be used as markers for identifying T2DM, considering
that high serum IPA could protect patients from diabetes [41]. Surprisingly, the IPA content
is positively correlated with the intake of dietary fiber and carbohydrate, but there are few
reports to suggest that IPA can be obtained from fiber fermentation [24,37]. The latest study
also verified the reliability of this result, and also found that except for Bifidobacterium,
all IPA-related bacterial genera were associated with fiber intake in the same direction
as the association between IPA and bacterial genera [23]. One possible reason for this is
that fiber intake increases the number of fiber-degrading bacteria [173], some of which
can produce IPA or its substrates from tryptophan [13]. We found that the hypothesis
is well supported by previous reports indicating that diets containing fiber and low-fat,
high-complex carbohydrates have a protective effect on T2DM [174]. Bifidobacterium is asso-
ciated with the variant in the LCT locus that determines lactose tolerance [175] and is also
identified as a novel locus of IPA in GWAS analysis [23]. Compared with lactose-tolerant
individuals, lactose-intolerant individuals had higher Bifidobacterium and IPA. Although
the evidence that Bifidobacterium can produce IPA is insufficient [12], many studies have
found that some strains of Bifidobacterium can produce ILA, an IPA substrate [176,177].
ILA can be converted to IPA acid by gut microbiota. And when ILA is below the optimal
level, IPA production will be affected [178]. Therefore, in lactose-intolerant individuals,
Bifidobacterium has more lactose as an energy source to promote its reproduction [179],
which facilitates the generation of IPA.

The colon has the highest density of enteroendocrine L cells, and the microbial metabo-
lite indole can stimulate the secretion of glucagon-like peptide-1 (GLP-1) from enteroen-
docrine L cells [180]. Hence, Mello et al. proposed that IPA may also stimulate enteroen-
docrine L cells to secrete GLP-1 [41]. The gut-derived peptide GLP-1 can act on β cells
through the gut–insulin axis to promote insulin secretion [181]. GLP-1 has been reported to
suppress appetite, control energy intake, and enhance satiety through the gut–brain axis,
which may reduce the risk of obesity-induced T2DM and play a key role in the pathogenesis
of T2DM [182,183]. Tuomainen et al. reported that IPA tends to be associated with insulin
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secretion and is significantly negatively correlated with serum high-sensitivity C-reactive
protein (hsCRP) levels in their follow-up study on DPS [24]. They also proposed that the
potential benefit of IPA in reducing the risk of T2DM may be inseparable from its reduction
in inflammation and protection of β cells. Peroxisome proliferator-activated receptors
(PPARs), especially α and γ, play an important role in the regulation of glucose and lipid
homeostasis, and AHR agonists can increase the expression of PPAR-α [184]. Surprisingly,
Kuhn et al. proposed that IPA with a specific structure can act as PPARα/γ co-agonists and
has the potential to treat T2DM and dyslipidemia [185]. PPARγ is associated with insulin
sensitivity and is the target of a drug approved for treating T2DM [186–188]. Whether IPA
can inhibit the progress of T2DM, and whether IPA plays a regulatory role alone or through
activating AHR, still needs reliable research verification. Of course, the protective effect of
IPA on T2DM is closely related to its strong antioxidant stress ability, which may play a role
in protecting β cells from oxidative stress-related damage and guarantee insulin secretion.

In conclusion, IPA is extremely important in improving gut microbial composition and
relieving T2DM, opening a new horizon for T2DM treatment. Based on the existing research
results, dietary fiber can promote the production of GLP-1 [189,190], and fiber-degrading
bacteria that are significantly related to IPA may also play a synergistic role in this process.
Given the complexity of T2DM, there are still many unknown mechanisms between IPA
and T2DM that need to be elucidated. It is impossible to determine whether IPA and gut
microbes co-stimulate GLP-1 secretion alone or synergistically, and we cannot exclude the
possibility that IPA directly acts on pancreatic islets. Therefore, further studies are needed
to elucidate the mechanism of IPA in regulating the enteroendocrine system and metabolic
homeostasis, including glucose metabolism.

4.7. Differential Regulation of Cardiovascular Function by IPA in Different Receptors
and Time Contexts

Cardiovascular disease (CVD) is a complex disease that is affected by many factors,
including diet, age, genetics, and lifestyle [191–193]. Atherosclerosis is the major potential
risk factor for CVD [194]. CVD, including hypertension, cerebrovascular disease, and coro-
nary heart disease, is related to metabolism and seriously threatens human health [195]. For
a long time, researchers have used multi-omics technology to investigate the pathogenesis
of CVD [196–198] and work on drug development to better treat diseases and reduce the
medical burden of patients [199,200]. Therefore, it is of great biomedical significance to
identify potential targets for the prevention and treatment of cardiovascular diseases. Gut
microbial composition [201] and its metabolites [202] are closely related to cardiovascular
function, and they have become a key factor for regulating human cardiovascular diseases,
resulting in some significant achievements [203].

Gesper et al. identified IPA as a regulator of mitochondrial respiration in murine
cardiomyocytes (HL-1) [204]. Specifically, chronic exposure (24 h) to IPA induced mito-
chondrial dysfunction in HL-1 following stimulation with the uncoupler carbonyl cyanide-
4-(trifluoromethoxy) phenylhydrazone (FCCP), which was also observed in the human
hepatoma cell line (Huh7) and human umbilical vein endothelial cells (HUVECs). Consis-
tent with acute treatment (30 min), which increased mitochondrial maximal respiration in
HL-1, IPA dose-dependently enhanced cardiac contractility in an off-topic mouse cardiac
perfusion model. Note that the above experimental phenomena are all produced under
cellular stress conditions (FCCP) and IPA fails to alter the basal respiration of HL-1. Overall,
acute IPA treatment is beneficial for CVD, but follow-up experiments should explore the
potential pitfalls of long-term IPA administration and its mechanism of action.

Previous studies have compared patients with advanced atherosclerosis with the
sex- and age-matched control group, and found that the content of baseline plasma IPA
decreased significantly [205]. They also found that IPA was significantly positively corre-
lated with the ankle-brachial index (ABI), reflecting the blood supply status of the lower
extremities. IPA was also significantly negatively correlated with arterial stiffness in the
Twins UK cohort comprising female twins [37]. However, paradoxically, indoles normally
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act as ligands for the AHR. The activation of AHR induces macrophage activation and
foam cell formation in apolipoprotein E (ApoE) knockout mice, participates in vascular
inflammation, and eventually develops atherosclerosis [206]. Additionally, Lee et al. re-
cently found that IPA fails to treat Western diet (WD)-induced atherosclerosis, and high
circulating levels of IPA may be harmful [21]. In view of the variability in the results
of studies on atherosclerosis, we propose several following hypotheses. First, regarding
differences in the composition of gut microbiota, IPA in drinking water was also ingested
as a food component during the experiment, and prolonged exposure to a WD gradually
shapes the gut microbial composition, making it difficult to recover lost microbial species
even with the introduction of dietary fiber [207]. Eventually, different gut microbiota com-
positions lead to different changes in host phenotypes [173]. Bifidobacterium is negatively
correlated with vascular function impairment [208]; HD decreases Bifidobacterium [209], and
its quantities in the SD group were also significantly reduced by IPA supplementation [21].
Second, regarding the mode of administration and dosage of IPA, there is currently no clear
report on the effective dose of IPA, while oral gavage is known to be less affected by the
environment. Third, the absorptive and metabolic profiles of the experimental populations
are different, particularly differences in substance absorption capacity and basic physical
conditions between mice fed a normal diet and WD [210]. Fourth, the circulating IPA
concentration in the SD + IPA group was twice compared to that in the WD + IPA group,
both of which were significantly higher than those in the control group. In addition, the
higher circulating levels of IPA led to metabolic dysfunction [21]. Moreover, overexpression
of AHR, which occurs in mice supplemented with IPA, masks the benefits of IPA, and
many studies have reported that AHR overexpression can lead to malignant phenotypes
such as cancer [211,212]. Finally, IPA works synergistically with other metabolites, and the
benefits of IPA in atherosclerosis may require other metabolites, with the desired effect
being difficult to achieve when IPA is used alone. All the above hypotheses need to be
further confirmed.

Huc et al. reported that a tryptophan-rich diet increased blood IPA levels and portal
blood pressure (PBP) in rats compared to a tryptophan-free diet [213]. Although IPA
inhibits CNS inflammation by stimulating AHR [52], the modulation of cardiovascular
function by IPA may be mediated by different receptors. PXR acts as an endogenous
ligand and is widely distributed throughout multiple tissues, including the gut, liver,
and breast [214,215]. Pulakazhi et al. found that IPA inhibited the release of endothelial
nitric oxide synthase (eNOS)-dependent NO by activating the vascular endothelial PXR
receptor and ultimately reduced agonist-induced endothelium-dependent vasodilation
(such as in the aorta and pulmonary artery) [216]. The specific biological mechanism by
which PXR regulates eNOS expression has not yet been clarified. Toell et al. reported that
the presence of two GGTTCA motifs is directly repeated and is separated by a distance
of four nucleotides (DR4) in the promoter region of the inducible nitric oxide synthase
(iNOS) gene in the DLD-1 human epithelioid-like colorectal adenocarcinoma cells to form
the response element (RE) of PXR [217]. Heterodimerization between PXR and retinoid
X receptor (RXR) on DR4-type RE mediates clotrimazole-induced upregulation of iNOS
mRNA. Therefore, Lee et al. speculated that IPA may be involved in the negative regulation
of PXR-RXR REs, downregulating eNOS, and leading to eNOS upregulation in PXR−/−

mice [21]. Of course, further research is needed to verify this hypothesis. Admittedly, the
regulation mechanism of PXR itself on blood vessels is also very complex. As described
by Hagedorn et al., progesterone metabolites such as 5β-dihydroprogesterone act on
mesenteric arterial PXR receptors in mice and enhance the cytochrome P450 epoxygenase
activity, helping to regulate vasodilation to accommodate pregnancy [104]. Based on
the existing studies, the mechanisms of vascular function regulation are diverse, and
they are mainly related to tissue type (mesenteric arteries or aorta), agonist type (IPA or
5β-dihydroprogesterone), receptor type (AHR or PXR), and targeted enzyme type (eNOS
or cytochrome P450 epoxygenase).
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Cardiovascular disease represents a significant problem in humans. Given the complex
and diverse mechanisms regulating vasoconstriction or vasodilation, it will be challenging
to explain the role of IPA in blood pressure regulation and cardiovascular disease prevention
and treatment, although it still has significance for drug development in clinical treatment.
We introduced the current research progress on IPA regulation of the vascular state and
listed the differences and possible mechanisms of different studies to provide ideas for
further in-depth research.

5. Protection of IPA on the Gut Barrier

The GI tract provides a habitat for numerous microbiota, and accumulating evidence
suggests that the gut microbiota are important in supporting the epithelial barrier [218,219].
The gut barrier is mainly divided into epithelial and mucous barriers, and it consists of a
layer of epithelial cells connected by TJ proteins. Many factors, including mucin, active
molecules, and immune factors, work together to maintain the integrity of this barrier [220].
However, when these factors are abnormal, gut permeability may increase, resulting in a
leaky gut. The well-functioning gut–organ axis relies on integrated gut barriers and healthy
gut microbiota structure. Therefore, modulating the interaction of the gut microbiota and
the gut barrier could serve as a novel strategy for treating some gut and extra-gut diseases.

Studies have found that IPA is closely associated with higher microbial diversity [37],
and probiotic supplementation increases the content of IPA and may mediate some im-
munomodulatory effects [76]. We divided the protection of IPA on the GI tract into
two aspects: barrier maintenance and immune metabolism. Jennis et al. found that IPA
dose-dependently reduced the permeability of T84 cells induced by interferon-γ (IFN-γ)
and tumor necrosis factor-α (TNF-α) [170]. Recent studies have shown that IPA enhances
the viability of HT-29/CACO-2 cells, promotes the expression of TJs (claudin-1, occludin,
and ZO-1), reduces paracellular permeability, and improves gut barrier function against
LPS-induced damage [221]. In addition, IPA can enhance the gut mucus barrier, such as by
increasing goblet cell secreted products (TFF3 and RELMβ) and mucin production (MUC2,
MUC4), and improving goblet cell function [36,221]. This is supported by the study of
Wlodarska et al., who also found that IPA supplementation increased MUC2 expression in a
co-culture system of bone marrow-derived macrophages and colon spheroids [36]. Studies
have shown that the gut mucus layer of patients with IBD is thinner and the glycosylation
of mucin 2 (MUC2) is reduced [222,223]. These changes may reduce the adaptability of
commensal microorganisms, causing microbial disturbances. As expected, the number
of bacteria using α-L-fucosidase to cut terminal fucose residues in mucin is significantly
reduced in patients with UC and CD [36]. In addition, the phenomenon of fewer fldAIBC
clusters in patients with IBD supports the benefits of IPA in the mucus barrier. Fortunately,
not only in mice but also in human patients with active UC, the content of IPA is signif-
icantly decreased, and its content recovers with the remission of the disease [25]. Based
on the above, we conclude that mucin provides sugar substrates for the colonization of
tryptophan-metabolizing bacteria, and microbial metabolites such as IPA can ensure the
normal secretion function of goblet cells, thus forming a benign and stable circulatory
system to jointly ensure the homeostasis of the gut environment.

In clinical diseases, paraquat (PQ) poisoning usually causes mucosal damage and
has a high mortality [224]. Yu et al. found that compared to the control group, the IPA
content in the mouse model with acute PQ poisoning was significantly reduced, which
was accompanied by a decrease in the abundance of IPA-producing bacteria C. botulinum
and P. anaerobius [225]. This suggests that the oxidative damage caused by PQ can be
partly attributed to the reduction of gut bacteria with the function of producing antioxi-
dant metabolites resulting in damage to the gut mucosa. Ultimately, the loss of effective
gut protection increases the systemic distribution of toxins. This hypothesis is supported
by the potential negative correlation between IPA and LPS (markers of gut microbiome
translocation) in the plasma of HIV-infected patients, as mentioned above [141]. These
results indirectly suggest that IPA can regulate gut permeability and prevent toxin leakage.
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As Yusufu et al. demonstrated, a tryptophan-deficient diet not only resulted in gut micro-
ecological imbalance but also systemic inflammation in elderly mice [226]. IPA-producing
gut microbes, PXR expression in epithelial cells, and the presence of TLR4 are essential for
maintaining a normal gut barrier and function in multiple mouse models of gut inflamma-
tion [227]. Loss of IPA or PXR or overexpression of TLR4 will result in impairment of the
gut barrier, which undoubtedly leads to toxin leakage and systemic spread. As a member
of the nuclear receptor superfamily, PXR is considered a new drug target for inflammatory
bowel disease (IBD) [228].

The gut barrier is inextricably linked to the state of immune activation [229], and gut
microbiota influence host immunity through various metabolites, including products of
microbial tryptophan metabolism such as IPA. For example, mice colonized with the fldC
mutant of C. sporogenes do not normally secrete IPA [35]. Compared to normal mice, their
gut permeability increased, and serum IgG and cecal IgA increased significantly, indicating
that the host immune activation was enhanced and induced changes in bacterial-specific
humoral immunity. NF-κB is located in the downstream of the PI3K/Akt/mTOR signaling
pathway, and mTOR mediates IKK-induced nuclear translocation of NF-κB to promote
disease progression [230]. In LPS-stimulated Caco-2/HT29 co-cultures, IPA significantly
inhibits the activation of the PI3K/AKT/mTOR signaling pathway and downregulates the
expression of TNF-α, IL-8, and IL-6 inflammatory genes [221]. AHR is a ligand-dependent
transcription factor, and numerous studies have shown that tryptophan derivatives serve
as AHR ligands to stimulate the secretion of IL-22, thereby preventing chemically induced
colitis [231,232]. Alexeev et al. reported that IPA activates AHR, reduces DSS-induced
IFN-γ, TNF-α, and IL-1β, and reduces the severity of gut inflammation in mice [25]. We
propose that IPA is an AHR ligand that plays a role in the resistance to gut inflamma-
tion through the IPA–AHR axis [53,233]. Although the complete biological pathway and
regulated cytokines are still uncertain, IPA-related compounds show clear potential to be
developed for treating patients with IBD.

At present, radiation therapy is a feasible and effective treatment for patients with
cancer, but it is usually accompanied by some complications, resulting in bone marrow,
hematopoietic system, and GI tract damage, clinically known as acute radiation syndrome
(ARS) [234]. Researchers were surprised to find that oral IPA not only exhibited conven-
tional gut-protective functions such as reversing radiation-induced colon shortening, as
well as increasing gut villi and goblet cells [235]. Importantly, oral IPA also prevents the
atrophy of hematopoietic organs (spleen and thymus), inhibits the loss of hematopoietic
stem cells, and reduces the production of inflammatory and oxidative stress markers in
the gut and peripheral blood. This series of protective mechanisms is mediated by the gut
PXR/ACBP signaling and ultimately reduces mouse mortality. It is emphasized that the
gavage of IPA alters the structure of irradiated gut microbiota, and IPA loses its protective
effect in antibiotic-treated mice, indicating that gut microbiota play an irreplaceable role in
the protective function of IPA. We speculate that some unidentified gut microbial products
may also play a certain synergistic role.

The structure and function of the gut microbiota and its role in human health is a
research hotspot. Combined with the pathological knowledge of gut dysbiosis and gut
barrier permeability-mediated systemic diseases, targeting gut barrier homeostasis has
emerged as an effective means of diagnosing and treating various diseases. The microbial
metabolite IPA of dietary tryptophan, or IPA-producing probiotics, can be used as an
adjuvant therapy for patients with gut disorders, and is expected to be a pharmaceutical
component for diseases such as IBD, with good application prospects.

6. Discussion

Taken together, IPA produced only by the gut microbiota plays a direct or indirect role
in various disease models that have not been previously recognized. Strikingly, IPA is well
tolerated in current mouse models with no adverse effects [77,134]. However, there remain
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many problems and challenges in the clinical application of IPA, which need to be further
explored in follow-up research.

Species diversity. Limited by difficulties in sample collection, numerous studies have
focused on T84 monolayers [170], human cancer cell lines (HT-29, CACO-2) [221], and 3D
spheroids [36], and most disease studies have used mouse models [94,225]. Therefore, the
diversity of these pathways in human cells has been largely ignored. For example, after LPS
stimulation, IPA promotes the secretion of IL-10 and decreases the production of TNF in
murine bone marrow-derived macrophages (BMDM), which is consistent with the results of
murine-derived colonic spheroids. However, IPA fails to show anti-inflammatory effects in
the in vitro culture experiments of human peripheral blood mononuclear cells (PBMC) [36].
In vitro, IPA requires to be combined with indole to significantly activate the human PXR
receptor, while IPA alone is sufficient to effectively activate mouse PXR [227]. Gesper et al.
used rifampicin and 5-Pregnen-3β-ol-20-one-16α-carbonitrile (PCN) as human PXR and
mouse PXR agonists, respectively. Chronic exposure to both IPA and rifampicin reduces the
mitochondrial oxygen consumption rate (OCR) in Huh7 after FCCP co-incubation, but PCN
does not alter OCR in murine HL-1, either alone or in combination with IPA [204]. These
differential results highlight that the mouse model has certain differences from human
physiology; thus, caution should be exercised in subsequent practical applications.

Determination of IPA dosage. It is well known that IPA can activate the PXR receptor
to induce a variety of biological effects [13]. However, Wlodarska et al. showed that IPA
does not significantly activate the PXR receptor, despite showing a trend of activation [36].
Cumulative studies have shown that IPA acts as a ligand or agonist of AHR and activates
its target genes [25,52,53,178], while others have shown contradictory results [13,36]. We
speculate that this may be related to the concentration, dosage, or duration of action.
Moreover, the administration dose and response time of IPA are different. For example, IPA
at a concentration of 1 mM but not 10 µM can modulate mitochondrial respiratory function
when it is incubated with HL-1 for 24 h, and the therapeutic effect of IPA varies with
exposure time [204]. Setting a gradient dosage for injection and continuously exploring the
optimal therapeutic dosage are crucial for clinical application. Therefore, we systematically
summarize the dosage and method of IPA in mouse models and cell lines (Table 3 and
Supplementary Table S1) to facilitate subsequent experiments.

Role of gut microbiota/metabolites. Numerous studies tend to apply IPA to cells or
mice alone, which largely ignores the role of gut microbiota. As described by Xiao et al., oral
administration of IPA cannot inhibit ARS toxicity in antibiotic-treated mice, and the effec-
tiveness of IPA must depend on the presence of microbiota [235]. Furthermore, IPA, despite
being significantly positively correlated with ABI [205], fails to improve cardiometabolic
profiles in WD-fed mice [21]. It is inferred that significant shifts in gut microbiota between
groups induce phenotypic differences, or that undetermined remaining metabolites act
synergistically with IPA. Wikoff et al. found that IPA could not be detected in the serum
of mice when C. sporogenes colonized for less than 5 days [32]. Moreover, over time, after
stopping treatment, the plasma IPA levels gradually decreased compared to those at the
point of initial injection [134]. This prompts us to consider whether synergistic microbiota
or metabolites are missed if the follow-up clinical laboratory fails to achieve results.

Administration of IPA. IPA is administered in vivo mainly by gavage, dissolving in
sterile drinking water, and intraperitoneal injection (Table 3). As the absorption of the body
varies according to the administration method [134], choosing the best method is crucial
to the curative effect. Throughout all of the studies, most of the dissolution methods of
IPA referred to the method described by Poeggeler et al. [71]. The reagents were mostly
sourced from Sigma Aldrich except G-Clone Biotechnology Co., Ltd.

Organs targeted by IPA. IPA at a concentration of 10 µM enhanced the mitochondrial
basal and maximal respiration in N2a cells stably transfected with APPsw (N2a-APPsw),
while increasing mitochondrial membrane potential (MMP) and reducing the production
of ROS [72]. However, IPA at a concentration of 1 mM but not 10 µM was able to modulate
mitochondrial respiration after 24 h of incubation in HL-1, with prolonged treatment
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(24 h) reducing maximal respiration and short exposure (30 min) showing the opposite
effect [204]. Inconsistently, IPA fails to alter mitochondrial basal respiration, MMP, and
ROS production in murine HL-1. However, IPA reduces mitochondrial basal respiration
in Huh7 and HUVECs, which may indicate that the sensitivity to IPA varies according to
cell type and species origin. This leads to the conclusion that specific studies based on the
species origin and cell type of the target organ are essential.

Table 3. Dosage and administration time of IPA in mouse models.

Subjects Age Dosage Administration
Mode Dosing Time Reference

C57BL/6J mice 4–5 months 0.1 mg/mL Drinking water 5 months [21]
C57BL/6 mice 8–10 weeks 0.1 mg/mL Drinking water 9 days [25]
C57BL/6 mice 6–8 weeks 10.0, 20.0, 40.0 mg/kg Oral gavage 4 days [227]

SW/SWGF mice 7–8 weeks 20.0 mg/kg Oral gavage 4 days [227]
C57BL/6 mice 8–10 weeks 20.0 mg/kg Oral gavage 15 days [52]
C57BL/6 mice 5–6 weeks (20–22 g) 200.0 mg/L Drinking water 2 weeks [216]
C57BL/6J mice 6–8 weeks 7.5 mg/mL × 0.2 mL/mice Oral gavage 15 days [235]

BALB/c athymic
nude mice 4 weeks 7.5 mg/mL × 0.2 mL/mice Oral gavage 4 days [235]

SD rats 6 weeks + 8 weeks (Dietary
induction) 20.0 mg/kg Oral gavage 8 weeks [29]

ICR mice Male (28–32 g)
Female (25–30 g) 100.0 mg/kg Oral gavage 8 weeks [94]

Wistar rats Weight approximately 160 g 12.0 mg/kg Intraperitoneal
injections

10 days
(twice daily) [121]

C57BL/6
6–8 weeks (weighing

approximately 25 g) + 1 week
(adapt to the environment)

20.0 mg/kg Oral gavage 8 weeks [95]

Mongolian
gerbils (Meriones

unguiculatus)
6 months (BW 65–75 g) 10.0 mg/kg Oral gavage 15 days [75]

SD rats 14 weeks 30.0 mg/kg Intraperitoneal
injections 1 week [27]

SD rats 180–200 g 20.0 mg/kg Intraperitoneal
injections 4 h [71]

SD rats 180–200 g 1 µL (20.0 nmol in 0.1 M PBS)
Injected

unilaterally into
the striatum

1 h [71]

DIO mice 23–26 weeks (maintained on
HFD for 19–22 weeks) 20.0 mg/kg Oral gavage 4 days [170]

BALB/c mice 3 months 0.2 mg/kg Oral gavage 14 days [30]

BALB/c mice 8–10 weeks + 14 days
(TB induced) 100.0 mg/kg Oral gavage 4 weeks

(6 days/week) [134]

Wistar rats Weight approximately 160 g 12.0 mg/kg Intraperitoneal
injections

10 days
(twice daily) [122]

SWGF mice 6–8 weeks 10.0, 20.0, 40.0 mg/kg Intraperitoneal
injections 6 h [32]

DIO mice: Diet-induced obese C57BL/6 mice (maintained on HFD for 19–22 weeks), SD rats: Sprague–Dawley
rats, SWGF mice: Swiss Webster Germ-Free mice.

Insights for future research. Exploration of IPA-producing bacteria and determination
of the IPA content in humans remain avenues to be explored in future studies. The
identification of IPA-producing bacteria in in vitro culture has many constraints, and will
be affected by the culture environment, such as low pH, which will interfere with the
identification of target bacteria. Subsequently, the association between IPA content and
gut microbiota should be analyzed with larger data to identify potential IPA-producing
bacteria from the associated microbiota. The content of IPA in the human gut has not yet
been reported, and the content in the serum is variable. An analysis of the IPA content in
serum/feces in a large cohort is urgently needed to provide reference for IPA tolerance and
injection volume in humans. Although IPA is still far from clinical application, the above
research provides a new strategy for the prevention and treatment of complex diseases
and drug development. Therefore, the above limitations should be overcome in future
research to gradually explore the complex human mechanisms and improve the effective
therapeutic results of IPA.
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7. Conclusions

Dietary tryptophan ingested by the host is deaminated by gut microbiota to produce
IPA, which targets various organs to perform biological functions through blood circulation
(Figure 3). IPA stimulates goblet cells to secrete mucin and enhance the expression of TJs,
thereby maintaining gut barrier homeostasis and attenuating the progression of inflam-
matory bowel disease. In addition, IPA is an effective hydroxyl radical scavenger without
producing pro-oxidative intermediates, inhibiting ROS production and lipid peroxidation,
reducing the expression of inflammatory factors, and ultimately maintaining the home-
ostasis of the body. As an excellent small-molecule metabolite, IPA can not only cross the
blood–brain barrier and act on astrocytes to inhibit the NF-κB pathway, but it also protects
nerve cells from oxidative or ischemic damage. For some complex metabolic diseases,
such as CVD, NAFLD, and T2DM, IPA participates in disease treatment by stimulating
corresponding receptors such as PXR or AHR through the specific gut–organ axis. The
biological mechanism of IPA in vivo is complex. For example, although IPA effectively
inhibits the activation of hepatic stellate cells and prevents liver fibrosis, it aggravates
CCL4-induced liver fibrosis through the Smads signaling pathway in the presence of CCL4.
In addition, the dose, treatment mode, action time, and even different target organs of IPA
will affect the experimental effect. When translating disease treatment from laboratory
research to clinical application, conclusions should be drawn with caution, taking into
account the available evidence.
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Further work is needed to explore the effects and mechanisms of IPA on host health and
disease, especially in humans. However, it is undeniable that IPA has obvious therapeutic
effects on many diseases, bringing additional benefits to animals and even humans, with
the potential to improve the existing treatment program.
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propionic acid against lipid peroxidation, caused by potassium bromate in the rat kidney. Cell Biochem. Funct. 2006, 24,
483–489. [CrossRef] [PubMed]

122. Karbownik, M.; Stasiak, M.; Zasada, K.; Zygmunt, A.; Lewinski, A. Comparison of potential protective effects of melatonin,
indole-3-propionic acid, and propylthiouracil against lipid peroxidation caused by potassium bromate in the thyroid gland.
J. Cell. Biochem. 2005, 95, 131–138. [CrossRef]

123. Small, D.M.; Coombes, J.S.; Bennett, N.; Johnson, D.W.; Gobe, G.C. Oxidative stress, anti-oxidant therapies and chronic kidney
disease. Nephrology 2012, 17, 311–321. [CrossRef] [PubMed]

124. Enomoto, A.; Niwa, T. Roles of organic anion transporters in the progression of chronic renal failure. Ther. Apher. Dial. 2007, 11
(Suppl. 1), S27–S31. [CrossRef] [PubMed]

125. Smith, I. Mycobacterium tuberculosis pathogenesis and molecular determinants of virulence. Clin. Microbiol. Rev. 2003, 16,
463–496. [CrossRef] [PubMed]

126. Weil, D.; Marinkovic, K.; Kasaeva, T. Back to the future, again: Greater leadership, collaboration and accountability to accelerate
progress to end TB. BMC Med. 2018, 16, 172. [CrossRef] [PubMed]

http://doi.org/10.1016/j.pharmthera.2006.05.014
http://www.ncbi.nlm.nih.gov/pubmed/16872679
http://doi.org/10.1161/01.HYP.0000253478.51950.27
http://www.ncbi.nlm.nih.gov/pubmed/17159084
http://doi.org/10.1016/S0092-8674(00)00062-3
http://www.ncbi.nlm.nih.gov/pubmed/11030617
http://doi.org/10.1073/pnas.051551698
http://www.ncbi.nlm.nih.gov/pubmed/11248085
http://doi.org/10.1210/er.2001-0038
http://www.ncbi.nlm.nih.gov/pubmed/12372848
http://doi.org/10.1093/ndt/gfq580
http://www.ncbi.nlm.nih.gov/pubmed/20884620
http://doi.org/10.1093/ndt/gfq818
http://doi.org/10.1016/j.clnu.2018.11.029
http://www.ncbi.nlm.nih.gov/pubmed/30612852
http://doi.org/10.1371/journal.pone.0091517
http://doi.org/10.1152/ajpcell.00471.2010
http://doi.org/10.1159/000452522
http://www.ncbi.nlm.nih.gov/pubmed/27842312
http://doi.org/10.1042/CS20130585
http://www.ncbi.nlm.nih.gov/pubmed/24588264
http://doi.org/10.1159/000341515
http://www.ncbi.nlm.nih.gov/pubmed/22889746
http://www.ncbi.nlm.nih.gov/pubmed/29238104
http://doi.org/10.1111/j.1349-7006.1991.tb01824.x
http://www.ncbi.nlm.nih.gov/pubmed/1900820
http://doi.org/10.1002/tox.22181
http://doi.org/10.1002/cbf.1321
http://www.ncbi.nlm.nih.gov/pubmed/16397908
http://doi.org/10.1002/jcb.20404
http://doi.org/10.1111/j.1440-1797.2012.01572.x
http://www.ncbi.nlm.nih.gov/pubmed/22288610
http://doi.org/10.1111/j.1744-9987.2007.00515.x
http://www.ncbi.nlm.nih.gov/pubmed/17976081
http://doi.org/10.1128/CMR.16.3.463-496.2003
http://www.ncbi.nlm.nih.gov/pubmed/12857778
http://doi.org/10.1186/s12916-018-1165-9
http://www.ncbi.nlm.nih.gov/pubmed/30236093


Nutrients 2023, 15, 151 26 of 30

127. Mdluli, K.; Kaneko, T.; Upton, A. The tuberculosis drug discovery and development pipeline and emerging drug targets. Cold
Spring Harb. Perspect. Med. 2015, 5, a021154. [CrossRef] [PubMed]

128. Khan, N.; Vidyarthi, A.; Nadeem, S.; Negi, S.; Nair, G.; Agrewala, J.N. Alteration in the Gut Microbiota Provokes Susceptibility to
Tuberculosis. Front. Immunol. 2016, 7, 529. [CrossRef]

129. Parish, T.; Stoker, N.G. The common aromatic amino acid biosynthesis pathway is essential in Mycobacterium tuberculosis. Microbiol.
(Read.) 2002, 148, 3069–3077. [CrossRef] [PubMed]

130. Knöchel, T.; Ivens, A.; Hester, G.; Gonzalez, A.; Bauerle, R.; Wilmanns, M.; Kirschner, K.; Jansonius, J.N. The crystal struc-
ture of anthranilate synthase from Sulfolobus solfataricus: Functional implications. Proc. Natl. Acad. Sci. USA 1999, 96,
9479–9484. [CrossRef]

131. Zalkin, H. The amidotransferases. Adv. Enzymol. Relat. Areas Mol. Biol. 1993, 66, 203–309.
132. Zalkin, H. Anthranilate synthase. Methods Enzymol. 1985, 113, 287–292. [PubMed]
133. Negatu, D.A.; Yamada, Y.; Xi, Y.; Go, M.L.; Zimmerman, M.; Ganapathy, U.; Dartois, V.; Gengenbacher, M.; Dick, T. Gut

Microbiota Metabolite Indole Propionic Acid Targets Tryptophan Biosynthesis in Mycobacterium tuberculosis. mBio 2019,
10, e02781-18. [CrossRef] [PubMed]

134. Negatu, D.A.; Liu, J.J.J.; Zimmerman, M.; Kaya, F.; Dartois, V.; Aldrich, C.C.; Gengenbacher, M.; Dick, T. Whole-Cell Screen of
Fragment Library Identifies Gut Microbiota Metabolite Indole Propionic Acid as Antitubercular. Antimicrob. Agents Chemother.
2018, 62, e01571-17. [CrossRef] [PubMed]

135. Han, G.; Lee, D.G. Indole propionic acid induced Ca(2+) -dependent apoptosis in Candida albicans. IUBMB Life 2022, 74,
235–244. [CrossRef]

136. Mandelbaum-Shavit, F.; Barak, V.; Saheb-Tamimi, K.; Grossowicz, N. Susceptibility of Legionella pneumophila grown extracellu-
larly and in human monocytes to indole-3-propionic acid. Antimicrob. Agents Chemother. 1991, 35, 2526–2530. [CrossRef]

137. Chahin, A.; Opal, S.M. Severe Pneumonia Caused by Legionella pneumophila: Differential Diagnosis and Therapeutic Considera-
tions. Infect. Dis. Clin. N. Am. 2017, 31, 111–121. [CrossRef]

138. Corbett, E.L.; Watt, C.J.; Walker, N.; Maher, D.; Williams, B.G.; Raviglione, M.C.; Dye, C. The growing burden of tuberculosis:
Global trends and interactions with the HIV epidemic. Arch. Intern. Med. 2003, 163, 1009–1021. [CrossRef]

139. Dooley, K.E.; Flexner, C.; Andrade, A.S. Drug interactions involving combination antiretroviral therapy and other anti-infective
agents: Repercussions for resource-limited countries. J. Infect. Dis. 2008, 198, 948–961. [CrossRef]

140. Cerrone, M.; Bracchi, M.; Wasserman, S.; Pozniak, A.; Meintjes, G.; Cohen, K.; Wilkinson, R.J. Safety implications of combined
antiretroviral and anti-tuberculosis drugs. Expert Opin. Drug Saf. 2020, 19, 23–41. [CrossRef] [PubMed]

141. Cassol, E.; Misra, V.; Holman, A.; Kamat, A.; Morgello, S.; Gabuzda, D. Plasma metabolomics identifies lipid abnormalities linked
to markers of inflammation, microbial translocation, and hepatic function in HIV patients receiving protease inhibitors. BMC
Infect. Dis. 2013, 13, 203. [CrossRef]

142. Nyström, S.; Govender, M.; Yap, S.H.; Kamarulzaman, A.; Rajasuriar, R.; Larsson, M. HIV-Infected Individuals on ART with Impaired
Immune Recovery Have Altered Plasma Metabolite Profiles. Open Forum Infect. Dis. 2021, 8, ofab288. [CrossRef] [PubMed]

143. Lemoine, M.; Serfaty, L.; Capeau, J. From nonalcoholic fatty liver to nonalcoholic steatohepatitis and cirrhosis in HIV-infected
patients: Diagnosis and management. Curr. Opin. Infect. Dis. 2012, 25, 10–16. [CrossRef] [PubMed]

144. Guaraldi, G.; Squillace, N.; Stentarelli, C.; Orlando, G.; D’Amico, R.; Ligabue, G.; Fiocchi, F.; Zona, S.; Loria, P.; Esposito, R.; et al.
Nonalcoholic fatty liver disease in HIV-infected patients referred to a metabolic clinic: Prevalence, characteristics, and predictors.
Clin. Infect. Dis. 2008, 47, 250–257. [CrossRef] [PubMed]

145. Bijlsma, A.Y.; Meskers, C.G.; Westendorp, R.G.; Maier, A.B. Chronology of age-related disease definitions: Osteoporosis and
sarcopenia. Ageing Res. Rev. 2012, 11, 320–324. [CrossRef]

146. Walston, J.D. Sarcopenia in older adults. Curr. Opin. Rheumatol. 2012, 24, 623–627. [CrossRef]
147. Edwards, M.H.; Dennison, E.M.; Aihie Sayer, A.; Fielding, R.; Cooper, C. Osteoporosis and sarcopenia in older age. Bone 2015, 80,

126–130. [CrossRef] [PubMed]
148. Bonaldo, P.; Sandri, M. Cellular and molecular mechanisms of muscle atrophy. Dis. Model. Mech. 2013, 6, 25–39. [CrossRef]
149. Chen, L.H.; Huang, S.Y.; Huang, K.C.; Hsu, C.C.; Yang, K.C.; Li, L.A.; Chan, C.H.; Huang, H.Y. Lactobacillus para-

casei PS23 decelerated age-related muscle loss by ensuring mitochondrial function in SAMP8 mice. Aging 2019, 11,
756–770. [CrossRef] [PubMed]

150. Chen, Y.M.; Chiu, W.C.; Chiu, Y.S.; Li, T.; Sung, H.C.; Hsiao, C.Y. Supplementation of nano-bubble curcumin extract improves gut
microbiota composition and exercise performance in mice. Food Funct. 2020, 11, 3574–3584. [CrossRef]

151. Fielding, R.A.; Reeves, A.R.; Jasuja, R.; Liu, C.; Barrett, B.B.; Lustgarten, M.S. Muscle strength is increased in mice that are
colonized with microbiota from high-functioning older adults. Exp. Gerontol. 2019, 127, 110722. [CrossRef]

152. Doyle, A.; Zhang, G.; Abdel Fattah, E.A.; Eissa, N.T.; Li, Y.P. Toll-like receptor 4 mediates lipopolysaccharide-induced mus-
cle catabolism via coordinate activation of ubiquitin-proteasome and autophagy-lysosome pathways. FASEB J. 2011, 25,
99–110. [CrossRef] [PubMed]

153. Lahiri, S.; Kim, H.; Garcia-Perez, I.; Reza, M.M.; Martin, K.A.; Kundu, P.; Cox, L.M.; Selkrig, J.; Posma, J.M.; Zhang, H.; et al. The
gut microbiota influences skeletal muscle mass and function in mice. Sci. Transl. Med. 2019, 11, eaan5662. [CrossRef] [PubMed]

http://doi.org/10.1101/cshperspect.a021154
http://www.ncbi.nlm.nih.gov/pubmed/25635061
http://doi.org/10.3389/fimmu.2016.00529
http://doi.org/10.1099/00221287-148-10-3069
http://www.ncbi.nlm.nih.gov/pubmed/12368440
http://doi.org/10.1073/pnas.96.17.9479
http://www.ncbi.nlm.nih.gov/pubmed/2935703
http://doi.org/10.1128/mBio.02781-18
http://www.ncbi.nlm.nih.gov/pubmed/30914514
http://doi.org/10.1128/AAC.01571-17
http://www.ncbi.nlm.nih.gov/pubmed/29229639
http://doi.org/10.1002/iub.2579
http://doi.org/10.1128/AAC.35.12.2526
http://doi.org/10.1016/j.idc.2016.10.009
http://doi.org/10.1001/archinte.163.9.1009
http://doi.org/10.1086/591459
http://doi.org/10.1080/14740338.2020.1694901
http://www.ncbi.nlm.nih.gov/pubmed/31809218
http://doi.org/10.1186/1471-2334-13-203
http://doi.org/10.1093/ofid/ofab288
http://www.ncbi.nlm.nih.gov/pubmed/34258318
http://doi.org/10.1097/QCO.0b013e32834ef599
http://www.ncbi.nlm.nih.gov/pubmed/22183113
http://doi.org/10.1086/589294
http://www.ncbi.nlm.nih.gov/pubmed/18532884
http://doi.org/10.1016/j.arr.2012.01.001
http://doi.org/10.1097/BOR.0b013e328358d59b
http://doi.org/10.1016/j.bone.2015.04.016
http://www.ncbi.nlm.nih.gov/pubmed/25886902
http://doi.org/10.1242/dmm.010389
http://doi.org/10.18632/aging.101782
http://www.ncbi.nlm.nih.gov/pubmed/30696799
http://doi.org/10.1039/C9FO02487E
http://doi.org/10.1016/j.exger.2019.110722
http://doi.org/10.1096/fj.10-164152
http://www.ncbi.nlm.nih.gov/pubmed/20826541
http://doi.org/10.1126/scitranslmed.aan5662
http://www.ncbi.nlm.nih.gov/pubmed/31341063


Nutrients 2023, 15, 151 27 of 30

154. Enoki, Y.; Watanabe, H.; Arake, R.; Sugimoto, R.; Imafuku, T.; Tominaga, Y.; Ishima, Y.; Kotani, S.; Nakajima, M.; Tanaka, M.;
et al. Indoxyl sulfate potentiates skeletal muscle atrophy by inducing the oxidative stress-mediated expression of myostatin and
atrogin-1. Sci. Rep. 2016, 6, 32084. [CrossRef]

155. Liu, C.; Cheung, W.H.; Li, J.; Chow, S.K.; Yu, J.; Wong, S.H.; Ip, M.; Sung, J.J.Y.; Wong, R.M.Y. Understanding the gut microbiota
and sarcopenia: A systematic review. J. Cachexia Sarcopenia Muscle 2021, 12, 1393–1407. [CrossRef] [PubMed]

156. Du, L.; Qi, R.; Wang, J.; Liu, Z.; Wu, Z. Indole-3-Propionic Acid, a Functional Metabolite of Clostridium sporogenes, Promotes
Muscle Tissue Development and Reduces Muscle Cell Inflammation. Int. J. Mol. Sci. 2021, 22, 12435. [CrossRef]

157. Wang, S.; Xie, X.; Lei, T.; Zhang, K.; Lai, B.; Zhang, Z.; Guan, Y.; Mao, G.; Xiao, L.; Wang, N. Statins Attenuate Activation of the
NLRP3 Inflammasome by Oxidized LDL or TNFα in Vascular Endothelial Cells through a PXR-Dependent Mechanism. Mol.
Pharmacol. 2017, 92, 256–264. [CrossRef]

158. Mencarelli, A.; Renga, B.; Palladino, G.; Claudio, D.; Ricci, P.; Distrutti, E.; Barbanti, M.; Baldelli, F.; Fiorucci, S. Inhibition of NF-κB
by a PXR-dependent pathway mediates counter-regulatory activities of rifaximin on innate immunity in intestinal epithelial cells.
Eur. J. Pharmacol. 2011, 668, 317–324. [CrossRef]

159. Siddharth, J.; Chakrabarti, A.; Pannérec, A.; Karaz, S.; Morin-Rivron, D.; Masoodi, M.; Feige, J.N.; Parkinson, S.J. Aging and
sarcopenia associate with specific interactions between gut microbes, serum biomarkers and host physiology in rats. Aging 2017,
9, 1698–1720. [CrossRef]

160. Yan, J.; Wang, C.; Jin, Y.; Meng, Q.; Liu, Q.; Liu, Z.; Liu, K.; Sun, H. Catalpol ameliorates hepatic insulin resistance in type 2
diabetes through acting on AMPK/NOX4/PI3K/AKT pathway. Pharmacol. Res. 2018, 130, 466–480. [CrossRef]

161. Khan, M.A.B.; Hashim, M.J.; King, J.K.; Govender, R.D.; Mustafa, H.; Al Kaabi, J. Epidemiology of Type 2 Diabetes-Global Burden
of Disease and Forecasted Trends. J. Epidemiol. Glob. Health 2020, 10, 107–111. [CrossRef]

162. Han, J.L.; Lin, H.L. Intestinal microbiota and type 2 diabetes: From mechanism insights to therapeutic perspective. World J.
Gastroenterol. 2014, 20, 17737–17745. [CrossRef] [PubMed]

163. Zhou, C.B.; Zhou, Y.L.; Fang, J.Y. Gut Microbiota in Cancer Immune Response and Immunotherapy. Trends Cancer 2021, 7,
647–660. [CrossRef]

164. Vrieze, A.; Van Nood, E.; Holleman, F.; Salojärvi, J.; Kootte, R.S.; Bartelsman, J.F.; Dallinga-Thie, G.M.; Ackermans, M.T.; Serlie,
M.J.; Oozeer, R.; et al. Transfer of intestinal microbiota from lean donors increases insulin sensitivity in individuals with metabolic
syndrome. Gastroenterology 2012, 143, 913–916.e917. [CrossRef] [PubMed]

165. Kootte, R.S.; Levin, E.; Salojärvi, J.; Smits, L.P.; Hartstra, A.V.; Udayappan, S.D.; Hermes, G.; Bouter, K.E.; Koopen, A.M.; Holst,
J.J.; et al. Improvement of Insulin Sensitivity after Lean Donor Feces in Metabolic Syndrome Is Driven by Baseline Intestinal
Microbiota Composition. Cell Metab. 2017, 26, 611–619.e616. [CrossRef]

166. Ley, R.E.; Bäckhed, F.; Turnbaugh, P.; Lozupone, C.A.; Knight, R.D.; Gordon, J.I. Obesity alters gut microbial ecology. Proc. Natl.
Acad. Sci. USA 2005, 102, 11070–11075. [CrossRef] [PubMed]

167. Ley, R.E.; Turnbaugh, P.J.; Klein, S.; Gordon, J.I. Microbial ecology: Human gut microbes associated with obesity. Nature 2006, 444,
1022–1023. [CrossRef] [PubMed]

168. Zhao, L.; Lou, H.; Peng, Y.; Chen, S.; Zhang, Y.; Li, X. Comprehensive relationships between gut microbiome and faecal
metabolome in individuals with type 2 diabetes and its complications. Endocrine 2019, 66, 526–537. [CrossRef]

169. Ahmad, A.; Yang, W.; Chen, G.; Shafiq, M.; Javed, S.; Ali Zaidi, S.S.; Shahid, R.; Liu, C.; Bokhari, H. Analysis of gut microbiota of
obese individuals with type 2 diabetes and healthy individuals. PLoS ONE 2019, 14, e0226372. [CrossRef]

170. Jennis, M.; Cavanaugh, C.R.; Leo, G.C.; Mabus, J.R.; Lenhard, J.; Hornby, P.J. Microbiota-derived tryptophan indoles in-
crease after gastric bypass surgery and reduce intestinal permeability in vitro and in vivo. Neurogastroenterol. Motil. 2018,
30, e13178. [CrossRef]

171. Toi, P.L.; Anothaisintawee, T.; Chaikledkaew, U.; Briones, J.R.; Reutrakul, S.; Thakkinstian, A. Preventive Role of Diet Interventions
and Dietary Factors in Type 2 Diabetes Mellitus: An Umbrella Review. Nutrients 2020, 12, 2722. [CrossRef]

172. Abildgaard, A.; Elfving, B.; Hokland, M.; Wegener, G.; Lund, S. The microbial metabolite indole-3-propionic acid improves
glucose metabolism in rats, but does not affect behaviour. Arch. Physiol. Biochem. 2018, 124, 306–312. [CrossRef] [PubMed]

173. Makki, K.; Deehan, E.C.; Walter, J.; Bäckhed, F. The Impact of Dietary Fiber on Gut Microbiota in Host Health and Disease. Cell
Host Microbe 2018, 23, 705–715. [CrossRef] [PubMed]

174. Haro, C.; Montes-Borrego, M.; Rangel-Zúñiga, O.A.; Alcalá-Díaz, J.F.; Gómez-Delgado, F.; Pérez-Martínez, P.; Delgado-Lista, J.;
Quintana-Navarro, G.M.; Tinahones, F.J.; Landa, B.B.; et al. Two Healthy Diets Modulate Gut Microbial Community Improving
Insulin Sensitivity in a Human Obese Population. J. Clin. Endocrinol. Metab. 2016, 101, 233–242. [CrossRef] [PubMed]

175. Bonder, M.J.; Kurilshikov, A.; Tigchelaar, E.F.; Mujagic, Z.; Imhann, F.; Vila, A.V.; Deelen, P.; Vatanen, T.; Schirmer, M.; Smeekens,
S.P.; et al. The effect of host genetics on the gut microbiome. Nat. Genet. 2016, 48, 1407–1412. [CrossRef] [PubMed]

176. Aragozzini, F.; Ferrari, A.; Pacini, N.; Gualandris, R. Indole-3-lactic acid as a tryptophan metabolite produced by Bifidobacterium
spp. Appl. Environ. Microbiol. 1979, 38, 544–546. [CrossRef] [PubMed]

177. Sakurai, T.; Odamaki, T.; Xiao, J.Z. Production of Indole-3-Lactic Acid by Bifidobacterium Strains Isolated fromHuman Infants.
Microorganisms 2019, 7, 340. [CrossRef]

http://doi.org/10.1038/srep32084
http://doi.org/10.1002/jcsm.12784
http://www.ncbi.nlm.nih.gov/pubmed/34523250
http://doi.org/10.3390/ijms222212435
http://doi.org/10.1124/mol.116.108100
http://doi.org/10.1016/j.ejphar.2011.06.058
http://doi.org/10.18632/aging.101262
http://doi.org/10.1016/j.phrs.2017.12.026
http://doi.org/10.2991/jegh.k.191028.001
http://doi.org/10.3748/wjg.v20.i47.17737
http://www.ncbi.nlm.nih.gov/pubmed/25548472
http://doi.org/10.1016/j.trecan.2021.01.010
http://doi.org/10.1053/j.gastro.2012.06.031
http://www.ncbi.nlm.nih.gov/pubmed/22728514
http://doi.org/10.1016/j.cmet.2017.09.008
http://doi.org/10.1073/pnas.0504978102
http://www.ncbi.nlm.nih.gov/pubmed/16033867
http://doi.org/10.1038/4441022a
http://www.ncbi.nlm.nih.gov/pubmed/17183309
http://doi.org/10.1007/s12020-019-02103-8
http://doi.org/10.1371/journal.pone.0226372
http://doi.org/10.1111/nmo.13178
http://doi.org/10.3390/nu12092722
http://doi.org/10.1080/13813455.2017.1398262
http://www.ncbi.nlm.nih.gov/pubmed/29113509
http://doi.org/10.1016/j.chom.2018.05.012
http://www.ncbi.nlm.nih.gov/pubmed/29902436
http://doi.org/10.1210/jc.2015-3351
http://www.ncbi.nlm.nih.gov/pubmed/26505825
http://doi.org/10.1038/ng.3663
http://www.ncbi.nlm.nih.gov/pubmed/27694959
http://doi.org/10.1128/aem.38.3.544-546.1979
http://www.ncbi.nlm.nih.gov/pubmed/533277
http://doi.org/10.3390/microorganisms7090340


Nutrients 2023, 15, 151 28 of 30

178. Gao, J.; Xu, K.; Liu, H.; Liu, G.; Bai, M.; Peng, C.; Li, T.; Yin, Y. Impact of the Gut Microbiota on Intestinal Immunity Mediated by
Tryptophan Metabolism. Front. Cell. Infect. Microbiol. 2018, 8, 13. [CrossRef]

179. Goodrich, J.K.; Davenport, E.R.; Beaumont, M.; Jackson, M.A.; Knight, R.; Ober, C.; Spector, T.D.; Bell, J.T.; Clark, A.G.; Ley, R.E.
Genetic Determinants of the Gut Microbiome in UK Twins. Cell Host Microbe 2016, 19, 731–743.

180. Chimerel, C.; Emery, E.; Summers, D.K.; Keyser, U.; Gribble, F.M.; Reimann, F. Bacterial metabolite indole modulates incretin
secretion from intestinal enteroendocrine L cells. Cell Rep. 2014, 9, 1202–1208. [CrossRef]

181. Dalla Man, C.; Micheletto, F.; Sathananthan, A.; Rizza, R.A.; Vella, A.; Cobelli, C. A model of GLP-1 action on insulin secretion in
nondiabetic subjects. Am. J. Physiol. Endocrinol. Metab. 2010, 298, E1115-1121. [CrossRef] [PubMed]

182. Prasad-Reddy, L.; Isaacs, D. A clinical review of GLP-1 receptor agonists: Efficacy and safety in diabetes and beyond. Drugs
Context 2015, 4, 212283. [CrossRef] [PubMed]

183. Salehi, M.; Purnell, J.Q. The Role of Glucagon-Like Peptide-1 in Energy Homeostasis. Metab. Syndr. Relat. Disord. 2019, 17,
183–191. [CrossRef]

184. Wang, C.; Xu, C.X.; Krager, S.L.; Bottum, K.M.; Liao, D.F.; Tischkau, S.A. Aryl hydrocarbon receptor deficiency enhances insulin
sensitivity and reduces PPAR-α pathway activity in mice. Environ. Health Perspect. 2011, 119, 1739–1744. [CrossRef]

185. Kuhn, B.; Hilpert, H.; Benz, J.; Binggeli, A.; Grether, U.; Humm, R.; Märki, H.P.; Meyer, M.; Mohr, P. Structure-
based design of indole propionic acids as novel PPARalpha/gamma co-agonists. Bioorg. Med. Chem. Lett. 2006, 16,
4016–4020. [CrossRef] [PubMed]

186. Bapat, S.P.; Whitty, C.; Mowery, C.T.; Liang, Y.; Yoo, A.; Jiang, Z.; Peters, M.C.; Zhang, L.J.; Vogel, I.; Zhou, C.; et al. Obesity alters
pathology and treatment response in inflammatory disease. Nature 2022, 604, 337–342. [CrossRef] [PubMed]

187. Li, C.; Wang, G.; Sivasami, P.; Ramirez, R.N.; Zhang, Y.; Benoist, C.; Mathis, D. Interferon-α-producing plasmacytoid dendritic
cells drive the loss of adipose tissue regulatory T cells during obesity. Cell Metab. 2021, 33, 1610–1623.e1615. [CrossRef] [PubMed]

188. Cipolletta, D.; Feuerer, M.; Li, A.; Kamei, N.; Lee, J.; Shoelson, S.E.; Benoist, C.; Mathis, D. PPAR-γ is a major driver of the
accumulation and phenotype of adipose tissue Treg cells. Nature 2012, 486, 549–553. [CrossRef]

189. Cani, P.D.; Neyrinck, A.M.; Maton, N.; Delzenne, N.M. Oligofructose promotes satiety in rats fed a high-fat diet: Involvement of
glucagon-like Peptide-1. Obes. Res. 2005, 13, 1000–1007. [PubMed]

190. Zhou, J.; Martin, R.J.; Raggio, A.M.; Shen, L.; McCutcheon, K.; Keenan, M.J. The importance of GLP-1 and PYY in resistant starch’s
effect on body fat in mice. Mol. Nutr. Food Res. 2015, 59, 1000–1003. [CrossRef]

191. Yu, E.; Rimm, E.; Qi, L.; Rexrode, K.; Albert, C.M.; Sun, Q.; Willett, W.C.; Hu, F.B.; Manson, J.E. Diet, Lifestyle, Biomarkers, Genetic
Factors, and Risk of Cardiovascular Disease in the Nurses’ Health Studies. Am. J. Public Health 2016, 106, 1616–1623. [CrossRef]

192. Kathiresan, S.; Srivastava, D. Genetics of human cardiovascular disease. Cell 2012, 148, 1242–1257.
193. Cheitlin, M.D. Cardiovascular physiology-changes with aging. Am. J. Geriatr. Cardiol. 2003, 12, 9–13. [CrossRef] [PubMed]
194. Frostegård, J. Immunity, atherosclerosis and cardiovascular disease. BMC Med. 2013, 11, 117. [CrossRef] [PubMed]
195. Zhao, M.; Wang, M.; Zhang, J.; Ye, J.; Xu, Y.; Wang, Z.; Ye, D.; Liu, J.; Wan, J. Advances in the relationship between coronavirus

infection and cardiovascular diseases. Biomed. Pharmacother. 2020, 127, 110230.
196. Li, J.; Guasch-Ferré, M.; Chung, W.; Ruiz-Canela, M.; Toledo, E.; Corella, D.; Bhupathiraju, S.N.; Tobias, D.K.; Tabung,

F.K.; Hu, J.; et al. The Mediterranean diet, plasma metabolome, and cardiovascular disease risk. Eur. Heart J. 2020, 41,
2645–2656. [CrossRef] [PubMed]

197. Nemet, I.; Saha, P.P.; Gupta, N.; Zhu, W.; Romano, K.A.; Skye, S.M.; Cajka, T.; Mohan, M.L.; Li, L.; Wu, Y.; et al. A Cardiovascular
Disease-Linked Gut Microbial Metabolite Acts via Adrenergic Receptors. Cell 2020, 180, 862–877.e822. [CrossRef]

198. Joshi, A.; Rienks, M.; Theofilatos, K.; Mayr, M. Systems biology in cardiovascular disease: A multiomics approach. Nat. Rev.
Cardiol. 2021, 18, 313–330.

199. Su, M.; Dai, Q.; Chen, C.; Zeng, Y.; Chu, C.; Liu, G. Nano-Medicine for Thrombosis: A Precise Diagnosis and Treatment Strategy.
Nanomicro. Lett. 2020, 12, 96.

200. Riksen, N.P.; Rongen, G.A. Targeting adenosine receptors in the development of cardiovascular therapeutics. Expert Rev. Clin.
Pharmacol. 2012, 5, 199–218.

201. Marques, F.Z.; Mackay, C.R.; Kaye, D.M. Beyond gut feelings: How the gut microbiota regulates blood pressure. Nat. Rev. Cardiol.
2018, 15, 20–32.

202. Tang, W.H.; Hazen, S.L. The contributory role of gut microbiota in cardiovascular disease. J. Clin. Investig. 2014, 124,
4204–4211. [CrossRef] [PubMed]

203. Tang, W.H.; Kitai, T.; Hazen, S.L. Gut Microbiota in Cardiovascular Health and Disease. Circ. Res. 2017, 120,
1183–1196. [CrossRef] [PubMed]

204. Gesper, M.; Nonnast, A.B.H.; Kumowski, N.; Stoehr, R.; Schuett, K.; Marx, N.; Kappel, B.A. Gut-Derived Metabolite
Indole-3-Propionic Acid Modulates Mitochondrial Function in Cardiomyocytes and Alters Cardiac Function. Front. Med.
2021, 8, 648259.

205. Cason, C.A.; Dolan, K.T.; Sharma, G.; Tao, M.; Kulkarni, R.; Helenowski, I.B.; Doane, B.M.; Avram, M.J.; McDermott, M.M.; Chang,
E.B.; et al. Plasma microbiome-modulated indole- and phenyl-derived metabolites associate with advanced atherosclerosis and
postoperative outcomes. J. Vasc. Surg. 2018, 68, 1552–1562.e1557. [CrossRef]

http://doi.org/10.3389/fcimb.2018.00013
http://doi.org/10.1016/j.celrep.2014.10.032
http://doi.org/10.1152/ajpendo.00705.2009
http://www.ncbi.nlm.nih.gov/pubmed/20179243
http://doi.org/10.7573/dic.212283
http://www.ncbi.nlm.nih.gov/pubmed/26213556
http://doi.org/10.1089/met.2018.0088
http://doi.org/10.1289/ehp.1103593
http://doi.org/10.1016/j.bmcl.2006.05.007
http://www.ncbi.nlm.nih.gov/pubmed/16737814
http://doi.org/10.1038/s41586-022-04536-0
http://www.ncbi.nlm.nih.gov/pubmed/35355021
http://doi.org/10.1016/j.cmet.2021.06.007
http://www.ncbi.nlm.nih.gov/pubmed/34256015
http://doi.org/10.1038/nature11132
http://www.ncbi.nlm.nih.gov/pubmed/15976142
http://doi.org/10.1002/mnfr.201400904
http://doi.org/10.2105/AJPH.2016.303316
http://doi.org/10.1111/j.1076-7460.2003.01751.x
http://www.ncbi.nlm.nih.gov/pubmed/12502909
http://doi.org/10.1186/1741-7015-11-117
http://www.ncbi.nlm.nih.gov/pubmed/23635324
http://doi.org/10.1093/eurheartj/ehaa209
http://www.ncbi.nlm.nih.gov/pubmed/32406924
http://doi.org/10.1016/j.cell.2020.02.016
http://doi.org/10.1172/JCI72331
http://www.ncbi.nlm.nih.gov/pubmed/25271725
http://doi.org/10.1161/CIRCRESAHA.117.309715
http://www.ncbi.nlm.nih.gov/pubmed/28360349
http://doi.org/10.1016/j.jvs.2017.09.029


Nutrients 2023, 15, 151 29 of 30

206. Wu, D.; Nishimura, N.; Kuo, V.; Fiehn, O.; Shahbaz, S.; Van Winkle, L.; Matsumura, F.; Vogel, C.F. Activation of aryl hydrocarbon
receptor induces vascular inflammation and promotes atherosclerosis in apolipoprotein E-/- mice. Arterioscler. Thromb. Vasc. Biol.
2011, 31, 1260–1267. [CrossRef]

207. Sonnenburg, E.D.; Smits, S.A.; Tikhonov, M.; Higginbottom, S.K.; Wingreen, N.S.; Sonnenburg, J.L. Diet-induced extinctions in
the gut microbiota compound over generations. Nature 2016, 529, 212–215. [CrossRef]

208. Battson, M.L.; Lee, D.M.; Jarrell, D.K.; Hou, S.; Ecton, K.E.; Weir, T.L.; Gentile, C.L. Suppression of gut dysbiosis reverses Western
diet-induced vascular dysfunction. Am. J. Physiol. Endocrinol. Metab. 2018, 314, E468–E477. [CrossRef]

209. Cani, P.D.; Neyrinck, A.M.; Fava, F.; Knauf, C.; Burcelin, R.G.; Tuohy, K.M.; Gibson, G.R.; Delzenne, N.M. Selective increases
of bifidobacteria in gut microflora improve high-fat-diet-induced diabetes in mice through a mechanism associated with
endotoxaemia. Diabetologia 2007, 50, 2374–2383. [CrossRef] [PubMed]

210. Redan, B.W.; Buhman, K.K.; Novotny, J.A.; Ferruzzi, M.G. Altered Transport and Metabolism of Phenolic Compounds in Obesity
and Diabetes: Implications for Functional Food Development and Assessment. Adv. Nutr. 2016, 7, 1090–1104. [CrossRef]

211. Brooks, J.; Eltom, S.E. Malignant transformation of mammary epithelial cells by ectopic overexpression of the aryl hydrocarbon
receptor. Curr. Cancer Drug Targets 2011, 11, 654–669. [CrossRef]

212. Talari, N.K.; Panigrahi, M.K.; Madigubba, S.; Phanithi, P.B. Overexpression of aryl hydrocarbon receptor (AHR) signalling
pathway in human meningioma. J. Neurooncol. 2018, 137, 241–248. [CrossRef] [PubMed]

213. Huc, T.; Konop, M.; Onyszkiewicz, M.; Podsadni, P.; Szczepańska, A.; Turło, J.; Ufnal, M. Colonic indole, gut bacteria
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